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SUMMARY 


This  contract,  vhich  ran  for  tvo  years  from  September  15, 1979  through  October 
31, 1981,  vas  designed  to  evaluate  the  effectiveness  of  current  hemoglobin  solutions  as 
they  could  be  applied  for  the  resuscitation  of  combat  injured  soldiers.  The  contract 
comprised  essentially  three  studies:  (1 )  evaluation  of  tvo  different  hemoglobin 
solutions  using  an  acute  right  heart  bypass  svine  model  to  carefully  evaluate 
myocardial  function,  (2)  evaluation  of  tvo  different  solutions  using  a  minimally 
instrumented  canine  model  to  determine  the  general  utility  of  the  solutions  in  an 
avake,  exercising  model,  and  (3)  evaluation  of  the  current  non-modified  hemoglobin 
solution  using  an  exercising  svine  model  vith  more  extensive  instrumentation. 

The  first  study  used  an  amplified  animal  model  previously  developed  by  the 
author,  the  other  tvo  studies  used  chronic  animal  models  developed  for  the  purpose  of 
this  contract  in  consultation  vith  members  of  UCSD.  The  evaluations  utilized 
measurements  of  blood  gases,  oxygen  contents,  blood  lactate,  cardiac  and  peripheral 
pressures,  total  body  and  organ  blood  flovs (directly  and  vith  radio-labeled 
microspheres),  cardiac  dimensions  (utilizing  sonomicrometry),  and  exercise 
performance. 

Results  from  the  first  study,  vhich  evaluated  the  basic  hemoglobin  solution 
vithout  modification  and  a  modified  solution  vith  a  higher  P-50  Sonomicrometry  vas 
used  to  measure  myocardial  dimensions,  but  even  vith  this  improved  methodology  it 
vas  not  possible  to  demonstrate  a  significant  improvement  in  cardiac  function  vith  the 
hemoglobin  solution  over  an  albumin  solution  at  the  50%  exchange  level.  The  tvo 
hemoglobin  solution  groups  had  significantly  higher  arterial  contents,  and  higher 
mean  myocardial  oxygen  consumption  and  arterial-coronary  sinus  oxygen  differences, 
but  these  differences  did  not  result  in  any  improved  cardiac  function  on  the  part  of  the 
hemoglobin  animals.  Animals  receiving  the  modified  hemoglobin  solution  did  have  a 
slightly  higher  in-vivo  P-50,  but  no  other  physiologic  changes  could  be  determined 

The  exercising  canine  study  again  looked  at  both  hemoglobin  solutions  and 
compared  them  vith  a  similar  50%  albumin  exchange.  The  animals  vere  minimally 
instrumented  to  alio v  for  blood  sampling  and  heart  rate  monitoring  during  exercise 
Although  no  major  advantage  could  be  discerned  from  the  modified  solution  over  the 
unmodified  solution,  animals  that  received  either  of  these  solutions  vere  able  to 
exercise  significantly  more  than  the  albumin  exchanged  animals  Furthermore  these 
same  hemoglobin  solution  animals  had  lover  resting  and  recovery  heart  rates  As  vas 
the  case  in  study  *\  the  hemoglobin  solution  animals  had  higher  arterial  oxygen 
contents  than  the  albumin  transfused  animals. 

The  third  and  final  study  in  this  contract  used  a  heavier  instrumentation  in  a 
svine  model  and  compared  unmodified  hemoglobin  solution  vith  a  50%  albumin 
exchange.  In  addition  to  the  more  complex  hemodynamic  instrumentation,  these 
animals  also  had  microsphere  determinations  of  organ  flov  during  rest  and  exercise. 
Mean  exercise  performance  vas  better  vith  the  hemoglobin  solution,  although  not 
significantly  so  as  vas  the  case  vith  the  canine  study.  Abnormalities  in  blood  flov 
distribution  vere  generally  noted  vith  the  albumin  solution,  vhereas  the  hemoglobin 
animals  had  blood  flov  responses  that  vere  essentially  unchanged  from  the  initial 
non-exchanged  condition.  Exercise  arterial- venous  oxygen  content  differences  and 
arterial  lactates  vere  better  vith  the  hemoglobin  solution.  Myocardial  mechanics, 
hovever  vere  not  effected  by  the  hemoglobin  solution,  and  the  albumin  exchanged 
animals  had  similar  indices  of  myocardial  performance. 
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Our  basic  conclusion  from  these  three  studies  is  that  even  a  basic  unmodified 
solution  is  effective  and  non-toxic  in  providing  an  increased  oxygen  content  that  is 
then  translated  into  improved  hemodynamic  performance.  The  major  problems  of 
improving  oxygen  off  loading  and  increasing  intravascular  retention  persist,  however 
we  feel  that  these  results  provide  encouragement  in  the  development  of  a.  hemoglobin 
solution  that  is  an  effective  blood  substitute. 


FOREWORD 


This  report  contains  no  copyrighted  material,  and  there  is  no  material 
designated  for  limited  distribution.  Citations  of  commercial  organizations  and  trade 
names  in  this  report  do  not  constitute  an  official  Department  of  the  Army  endorsement 
or  approval  of  the  products  or  services  of  these  organizations. 

In  conducting  the  research  described  in  this  report,  the  investigator  adhered  to 
the  "Guide  for  the  Care  and  Use  of  Laboratory  Animals,"  prepared  by  the  committee  on 
Care  and  Use  of  Laboratory  Animals  of  the  Institute  of  Laboratory  Animal  Resources, 
National  Research  Council  (DHEV  Publication  No.  (NIH)  78-23,  Revised  1978). 


BODY  OF  REPORT 


STUDY  *1 

This  initial  study  which  was  designed  to  examine  the  response  of  the 
myocardium  to  a  rapid  exchange  transfusion  with  either  a  hemoglobin  solution  or  an 
albumin  solution  utilized  a  perfused  swine  right  heart  by-pass  model.  This  model 
represented  an  extension  of  a  similar  model  developed  by  the  principal  investigator  at 
Letterman  Army  Institute  of  Research  prior  to  the  initiation  of  this  contract  The 
model  itself  underwent  significant  development  during  the  time  of  this  contract  that 
consisted  primarily  of  the  addition  of  ultrasonic  crystal  measurements  of  myocardial 
dimensions.  Standard.,  previously  developed  transducers  were  applied  to  this  model 
The  addition  of  this  new  technology  has  allowed  us  to  make  more  accurate 
determinations  of  changes  in  contractility,  as  well  as  the  determinations  of  general 
hemodynamics  and  metabolic  responses  previously  available  in  the  older  model.  The 
sonomicrometry  technology  continues  to  be  developed  and  refined  so  that  consistent 
and  accurate  measurements  can  be  obtained.  The  major  technical  problems  relating  to 
the  application  of  this  technology  to  the  swine  model  were  essentially  solved  during 
the  contract  period  however. 

The  results  from  this  initial  study  have  been  published (1,2).  Reprints  of  these 
publications  are  available  in  the  appendix,  and  only  a  general  summary  and 
conclusions  are  presented  here.  This  study  basically  involved  performing  an  exchange 
of  approximately  50%  of  the  animal's  blood  volume  while  the  animal  was  on 
cardiopulmonary  bypass.  This  resulted  in  a  reduction  of  the  animals  normal 
hematocrit  of  30%  down  to  15%.  Exchange  transfusions  were  accomplished  using 
approximately  2  liters  of  either  a  7%  albumin  solution,  a  standard  unmodified  stroma 
free  hemoglobin  solution(SFHS),  or  a  stroma  free  hemoglobin  solution  modified  to 
increase  its  P-50  from  15  to  25  Torr  The  transfusion  of  either  the  unmodified  or 
modified  solution  at  the  50%  level  resulted  in  only  a  modest  difference  in  the  "in-vivo" 
P-50  of  the  transfused  animal  that  did  not  reach  statistical  significance.  This  lack  of  a 
significant  difference  in  the  "in-vivo"  P-50  of  the  two  SFHS  groups  was  probably 
responsible  for  our  failure  to  find  any  significant  differences  between  the  cardiac 
performance  or  metabolism  in  these  groups. 

We  used  stroke  volume  at  14  Torr  LVEDP  and  percent  segmental  shortening  as 
our  primary  measurements  of  left  ventricular  function  Myocardial  performance  did 
decrease  significantly  in  all  groups,  and  although  this  decrease  was  largest  in  the 
albumin  exchanged  group,  there  was  no  statistically  significant  difference  between 
the  decreases  in  the  three  groups.  Coronary  blood  flow,  measured  by  direct  drainage 
in  this  study,  increased  in  all  groups.  This  increase,  which  was  most  probably  due  to 
the  anemia  sustained  by  all  animals,  was  not  significantly  different  between  the  three 
groups  As  expected,  arterial  oxygen  content  was  significantly  decreased  in  all  groups, 
and  this  decrease  was  significantly  greater  in  the  albumin  group.  The  decreased 
arterial  oxygen  content  was  apparently  not  below  the  critical  value  in  any  group 
however,  since  there  were  no  significant  differences  in  myocardial  oxygen 
consumption,  arterial  coronary  sinus  oxygen  content  diff  erence,  or  coronary  sinus  P02 
either  within  or  between  groups.  Lactate  measurements  were  obtained  to  determine  if 
the  post  transfusion  anemia  would  result  in  any  significant  anaerobic  metabolism 
Again  our  level  of  anemia  was  probably  above  the  critical  value,  and  no  group 
manifested  lactate  production,  or  a  significant  drop  in  lactate  production. 


The  arterial  oxygen  content  data  supports  the  concept  that  transfusion  with 
stroma-free  hemoglobin  solution  in  a  50%  exchange  model  does  result  in  more  oxygen 
availability  for  the  myocardium  than  if  a  non-oxygen  carrying  solution  is  used. 
Although  trends  in  myocardial  performance  also  suggest  an  advantage  with  SFHS,  the 
magnitude  of  that  advantage  us  surprisingly  small  The  reduced  arterial  oxygen 
content  with  albumin  in  this  50%  exchange  did  not  result  in  a  marked  reduction  in 
myocardial  performance  that  was  significantly  reversed  by  the  use  of  SFHS.  Also  of 
interest  was  the  finding  that  the  increased  arterial  content  with  either  SFHS  did  not 
result  in  any  advantage  in  terms  of  coronary  blood  flow,  myocardial  oxygen 
consumption,  arterial  coronary  sinus  oxygen  content  difference,  coronary  sinus  PO2, 
and  lactate  extraction. 

STUDY  *2 

The  second  study  represented  our  first  attempt  to  evaluate  the  effects  of  SFHS 
exchange  transfusion  in  awake  animals  not  subject  to  the  effects  of  anesthesia  and  the 
surgical  stress  of  cardiopulmonary  bypass.  Minimally  instrumented  dogs  were  used  in 
this  study  which  evaluated  hemodynamic  performance  both  awake  and  with  exercise. 
This  study  again  attempte-’  to  evaluate  the  three  basic  solutions  evaluated  in  the  first 
study.  The  results  from  this  study  are  partially  published  in  two  publications  (2, 3),  and 
completely  published  in  a  manuscript  submitted  for  publication  (4).  Copies  of  these 
publications  are  available  in  the  appendix. 

Since  the  details  of  this  study  are  currently  available  in  published  or  f  inished 
manuscript  form,  only  a  brief  summary  of  the  results  will  be  presented  here.  Our 
major  finding  in  this  study  consisted  of  the  marked  difference  in  the  exercise  response 
of  the  SFHS  exchanged  animals  versus  the  albumin  exchanged  animals  Animals  were 
exercised  approximately  30  minutes  after  their  exchange  transfusion.  The  animals 
receiving  either  a  sham  exchange  or  an  exchange  with  either  of  the  SFHSs  were  able  to 
exercise  at  close  to  their  control  values,  whereas  the  albumin  exchanged  animals  had  a 
marked  decrease  in  their  exercise  performance.  The  minimal  instrumentation  given  to 
these  animals  did  not  allow  us  to  make  detailed  hemodynamic  measurements,  but  the 
measured  heart  rate  responses  of  the  animals  were  markedly  different  depending  on 
which  solution  was  received.  Albumin  exchanged  dogs  had  a  significantly  increased 
resting  heart  rate,  a  lower  exercise  heart  rate,  and  an  elevated  recovery  heart  rate 
when  compared  with  the  other  groups  Arterial  oxygen  content  differences,  venous 
PO2  and  arterial-venous  oxygen  content  differences  were  less  in  all  of  the  exchanged 
animals  (except  for  the  sham  transfused  animals),  but  there  were  no  significant 
differences  between  the  exchanged  groups  that  would  indicate  an  advantage  for  the 
SFHSs  As  expected  the  imposition  of  an  exercise  stress  resulted  in  elevated  lactate 
values  in  all  groups.  The  albumin  animals  had  an  elevated  mean  resting  lactate  after 
exchange  that  suggests  some  anaerobic  metabolism  in  these  animals  even  at  rest. 

The  results  from  this  study  uniquely  show  that  there  is  a  difference  in  the 
exercise  response  of'  the  animals  depending  on  whether  a  SFHS,  or  or  an  albumin 
solution  is  used.  This  difference  was  apparent  even  though  the  exchange  was  only  at  a 
50%  level.  Of  further  interest  was  the  fact  that  when  the  animals  were  followed  for  7 
days  their  exercise  performance  returned  to  normal  regardless  of  the  solution  that  was 
used  for  the  animal's  exchange. 

STUDY  * 3 

The  third  study  combined  the  more  extensive  cardiac  instrumentation  used  in 
the  acute  swine  preparation  with  the  exercise  stressed  model  initiated  in  our  second 


study  The  instrumentation  involved  the  performance  of  a  thoracotomy  and  the 
subsequent  placement  of  various  sampling  catheters  as  veil  as  the  placement  of  a  high 
fidelity  pressure  transducer.  The  operated  animals,  vhich  had  previously  been  trained 
to  run  on  a  treadmill,  were  allowed  to  recover  from  their  operation  prior  to  being  tested 
with  and  without  exercise  before  and  after  an  exchange  transfusion  Since  our 
previous  two  studies  had  failed  to  show  any  significant  eff  ect  of  an  improved  P-50,  we 
did  not  evaluate  all  three  solutions,  but  merely  concentrated  on  the  unmodified  SFHS 
and  the  albumin  solution.  The  details  of  this  study  are  partially  presented  in  three 
publications (2,3,6),  and  in  a  finished  manuscript  currently  submitted  for 
publication  (5).  These  detailed  documents  are  available  in  the  appendix  and  therefore  a 
summary  of  our  results  is  presented  below  The  results  are  probably  best  presented  by 
looking  at  the  changes  that  occurred  with  rest  and  exercise  in  the  albumin  exchanged 
animals,  and  in  the  SEHS  animals. 

Exchanging  the  animals  with  albumin  solution  even  at  rest  resulted  in  a 
decreased  arterial  oxygen  content  and  arterial  venous  oxygen  content  difference  as 
well  as  an  increase  coronary  blood  flow  and  cardiac  output.  Largely  as  a  result  of  this 
increased  cardiac  output  total  body  oxygen  consumption  did  not  change.  Myocardial 
function  as  measured  primarily  by  sonomicrometrically  determined  dimension 
changes  was  also  unchanged  Vith  the  imposition  o  fan  exercise  stress  there  were 
additional  marked  differences  in  oxygen  consumption,  total  oxygen  transport,  and 
aortic  pressure.  Lactate  production  and  left  arterial  pressure  increased,  and  there  were 
changes  in  organ  flow  that  consisted  primarily  of  increases  in  coronary  and  cerebral 
flow,  and  decreases  in  visceral  organ  flow.  These  albumin  exchanged  animals  also  had 
a  reduction  in  their  exercise  performance  that  was  slightly  greater  than  the  SFHS 
animals  described  below 

The  SFHS  exchanged  animals  incurred  a  significant  drop  in  their  arterial 
oxygen  content,  but  otherwise  had  values  similar  to  those  obtained  prior  to  exchange 
transfusion  These  SFHS  exchanged  animals  did  demonstrate  a  drop  in  their  arterial- 
venous  oxygen  content  difference  with  exercise,  but  unlike  the  albumin  animals  these 
SFHS  animals  showed  no  changes  in  oxygen  consumption,  oxygen  transport,  lactate 
production,  heart  rate,  dF/dt,  or  organ  flood  flow. 

The  findings  from  this  study  appear  to  support  the  importance  of  having  some 
oxygen  carrying  capacity  in  the  exchange  transfusion  solution,  even  if  the  level  of 
exchange  is  only  50%  The  effects  of  the  non-oxygen  carrying  albumin  solution  were 
seen  primarily  in  the  form  of  a  hyperdynamic  performance  seen  in  the  resting 
condition  The  animals  exchanged  with  SFHS  did  not  increase  their  myocardial 
performance  until  exercised.  It  would  appear  from  this  study  that  increased  cardiac 
performance  is  required  to  support  the  metabolic  needs  of  the  body  if  oxygen  carrying 
capacity  is  not  included  in  the  exchange  solution.  Following  an  exchange  transfusion 
with  the  SFHS  the  animals  had  rest  and  exercise  responses  that  were  consistently 
indistinguishable  from  the  control  values.  These  hemodynamic  results,  as  well  as  the 
microsphere  determined  blood  flow  measurements  suggest  that  SFHS  may  have  a 
signif  icant  value  in  normalizing  the  animals  cardiovascular  response,  even  if  the 
exchange  is  only  for  50%  of  the  animal's  blood  volume. 


GENERAL  CONCLUSIONS 

There  are  certain  conclusions  that  seem  to  be  supported  in  part  by  all  of  the 
studies  summarized  here .  These  studies  document  the  general  efficacy  of  even  a  basic 
SFHS  without  modifications  to  enhance  either  its  oxygen  off-loading  ability  or  its 


intravascular  retention.  This  efficacy  was  not  demonstrated  in  every  situation,  but 
could  be  generally  appreciated  even  when  the  exchange  transfusion  resulted  in  only  a 
50%  reduction  in  the  hematocrit.  It  'would  also  appear  that  the  solutions  as  tested  in  our 
animal  models  are  relatively  non-toxic,  as  no  animal  had  an  adverse  reaction  to  the 
SFHS  exchanges.  The  issue  of  the  importance  of  P-50  and  improving  the  oxygen  off 
loading  characteristics  of  the  solution  would  appear  to  be  insufficiently  evaluated  with 
these  studies.  Although  we  were  able  to  consistently  produce  a  SFHS  that  had  a 
significantly  increased  P-50,  in  no  case  were  we  able  to  demonstrate  that  the  "in-vitro" 
P-50  had  a  sufficient  "in-vivo"  effect  when  evaluated  in  our  50%  exchange  models 

The  results  from  this  series  of  studies  offers  encouragement  regarding  the  use 
of  SFHS  as  a  usable  blood  substitute .  It  would  seem  appropriate  to  follow  these  studies 
with  additional  studies  evaluating  current  improved  solutions,  utilized  at  various  levels 

of  exchange. 
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Hemodynamic  efficacy  of  stroma -free 
hemoglobin  solutions  as  demonstrated 
in  multiple  animal  models  (*) 

WILLIAM  V  MOORES 


Tils,  opinions  and  assertions  contained 
hutch  arc  the  private  v  ic\\  o',  the  author 
and  au  not  to  be  amsitui'd  u  -  otlieial  or 
as  reflecting  the  views  ol  the  Department 
of  the  A .*  th.  Department  of  Deiense 
(AR  36*0-5  > . 

In  conductin':  the  research  described  in 
this  report,  the  investigation  adhered  to 
the  Guide  for  the  Care  unci  l  sc  oi  La- 
boratory  Animals  ,  as  promulgated  by  the 
committee  on  revision  ol  the  <•  Guide  for 
Laboratory  Animal  Facilities  and  Care  > . 
Institute  of  Laboratory  Animals  Resour¬ 
ces.  National  Research  Council. 

Imptuvemcnts  in  obtaining  and  storing 
homologous  blood  lor  transfusion,  as  well 
as  increased  effiicency  in  administering 
blood  and  blood  components  has  resulted 
in  a  current  ability  to  meet  most  blood 
replacement  needs.  Increasing  concern  for 
blood-borne  viral  infections  such  as  hepa¬ 
titis  and  AIDS  has  provided  lcncvved  in¬ 
terest  for  a  blood  substitute  that  can  be 
readily  available,  safe,  and  efficacious. 

Several  experimental  resuscitation  flu¬ 
ids  currently  have  been  evaluated.  From 
among  these,  stroma-} r ee  hemoglobin  so¬ 
lution  appears  to  have  advantages  based 


Department  of  Surgery.  YA  Medical  Center 
and  l  iiiYci'Mlv  of  California.  San  Diceu  School 
of  Medicine. 
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primarily  upon  its  ability  to  transport 
oxygen  .  In  addition,  it  exists  as  a  na¬ 
turally  occurring  protein  which  can  be 
transfused  without  any  known  allergic  or 
cross-matching  problems  '  .  Struma-free 
hemoglobin  solution,  in  the  lyophylized 
state,  has  a  relatively  long  shelf  lile  and 
has  previously  been  reported  as  an 
«  ideal  »  plasma  expander* ",  Also,  due  to 
its  low  viscosity  ",  stroma-free  hemoglobin 
solution  potentially  may  be  an  excellent 
candidate  for  initiating  hemodilution  dur¬ 
ing  cardiopulmonary  bvpass 

Despite  these  advantages,  there  are  pro¬ 
blems  associated  with  the  use  of  stroma- 
free  hemoglobin  solutions  which  need  fur¬ 
ther  investigation.  One  problem  concerns 
the  typically  low  Pv.  value  (11-13  torr)  oi 
hemoglobin  solution,  resulting  in  a  left¬ 
ward  shift  in  the  oxyhemoglobin  dissocia¬ 
tion  curve  with  increased  oxygen  affini¬ 
ty  1 A  second  major  problem  concerns 
the  relatively  short  biological  retention 
time"  of  hemoglobin  solution.  In  addi¬ 
tion,  although  the  kidney-damaging  cha¬ 
racteristics  of  the  earlier  solutions  haw 
been  resolved  with  removal  of  red  blood 
cell  stroma  ‘  ",  recent  published  re¬ 

ports  "  "  as  well  as  unpublished  commu¬ 
nications  from  various  laboratories  using 
stroma-free  hemoglobin  solutions  have 
raised  the  question  of  non-stroma  related 
toxicity  in  the  form  of  deleterious  proco¬ 
agulant,  cardiovascular,  and  organ  damag 
ing  effects.  These  toxic  reactions  have 
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made  the  .solution  virtually  unusable  ioi 
manv  of  these  investigators.  Initial  inve¬ 
stigations  into  the  cause  of  these  toxii 
reactions  indicate  that  sonic  animal  mi 
dels  t e.g..  rabbit)  max  be  inappropriate 
and  that  special  caie  must  be  exeiei-ei 
to  insure  a  high  lev  el  of  consistent  quality 
control  in  the  production  o!  the  solution 
as  well  as  insuring  that  the  final  solution 
is  chemically  balanced  and  free  oi  endo¬ 
toxin  and  pyrogens.  Since  we  did  not  ex¬ 
perience  any  ol  these  non-struma!  asso¬ 
ciated  problems  with  out'  particular  solu¬ 
tions,  we  have  not  addressed  this  toxicity 
issue  in  our  studies,  but  have  concentra¬ 
ted  primarilv  on  evaluating  the  etfecis  ot 
high  oxygen  hemoglobin  allinitv  and  shor¬ 
tened  ictention  time  in  solution-  u-cd  to 
effect  hemodiluiiot,  in  vaiioti-  exchange 
animal  models. 

Two  ol  these  problem-  ot  ..ii.iiiu  in 
out  studies  have  been  nckli  e--eii  b\  Cireei;- 
burg  and  associate-  vv  In  •  have  imciu1 
that  -  permati/atioi.  «■!  -t i  on.a-i ;  c -  lie- 
moglobir,  solution  with  pviulox.d  '  -phu— 
phate  ( PL  P  i  not  oidv  impi  <  .vid  P  v  .'ini  - 
without  impairing  o\\get  cat  ;v  iwv 
city .  but  also  miptot.d  tnr.-a*  a».  n 

tention  time  ovet  uiunmltt  ied  vv  bv 

50'  Mote  tenet  it  Wots  i  i  ..op. 

b>  Kotin  and  associate'  la  -  i  •.  -tiiie.! 
in  t ut  the t  -olution  impi ov eti.c  m-  u:i!;z 
ing  intennoleeula t  iio--lm,kmg  a-  well  a- 
pyridoxali/ation 

Our  studie-  wete  designed  to  compare 
the  effects  ot  three  ditto eni  hemodiluting 
fluids:  li  modified  stroma-free  hemoglo¬ 
bin  solution.  2 1  unmodified  stroma-free 
hemoglobin  solution,  and  ?i  7  1  .  albumin 
solution  in  both  dog-  and  pig-  exchanged 
to  equal  hematocrit  levels  and  examined 
under  various  physiologic  conditions.  We 
specifically  wished  to  determine  if  the 
greater  oxygen-carrying  capacity  of  either 
stroma-free  hemoglobin  solution  provides 
anv  significant  advantage  in  terms  of  sup¬ 
porting  myocardial  function  and  total  bo¬ 
dy  hemodynamics  (at  a  reduced  circulat¬ 
ing  hematocrit). 

This  report  summarizes  our  expel  ience 
utilizing  three  different  animal  models  to 


evaluate  the  efficacy  of  stroma-free  hemo¬ 
globin  solutions  under  different  physio¬ 
logic  situations.  We  used:  1 )  a  right  heart 
bypass  preparation  in  swine  to  make  de¬ 
tailed  evaluations  of  myocardial  function 
and  metabolism;  2)  an  awake,  exercising 
dog  model,  minimally  instrumented  wi¬ 
thout  a  thoracotomy,  to  evaluate  the  ge¬ 
neral  hemodynamic  response  to  stroma- 
free  hemoglobin  solution  hemodilution: 
and  3)  a  more  extensively  instrumented 
exercising  swine  model  designed  to  eva¬ 
luate  post-exchange  hemodynamics  in  mo¬ 
re  detail. 

Swine  right  heart  hvpa-s  sit  .ms 
Methods 

Surgical  pi  eparation 

Fit  teen  immature  swine  of  either  sex  weighing 
approximate!}  20  Kg  were  utilized  tor  this 
-tiiJv.  All  animal-  were  anesthetized  and  sur- 
gituliv  prepared  as  previous!}  described  by 
u-'  vsith  the  modification  that  tvvu  pail-  of 
-onomitrometers  were  placed  to  measure  myo 
cardi.i!  segment  dimension  changes.  Al!  animals 
vvui  induced  with  oxygen  and  halothane  (2lv 
"i  !c— ’  and  endotracheal  access  vva-  obtained 
to  -upport  ventilation  with  a  Harvard  animal 
volume  respiraior.  Catheters  were  placed  in 
the  temoral  vein  for  administration  of  I.Y. 
fluid-  and  medications  while  an  additional  ca¬ 
theter  wa-  placed  in  the  carotid  after}'  for 
pul-e  and  pressure  monitoring.  The  halothanc 
wa-  discontinued  after  ten  minutes  or  less  and 
anesthesia  was  maintained  with  morphine  sul¬ 
phate  vs  hi  le  the  animals  w  ere  paralyzed  w  ith  a 
continuous  succiny]  choline  I.Y.  drip.  Morphine 
suliate  was  given  in  15  mg  injections  in  suffi¬ 
cient  quantity  to  keep  the  systolic  blood  pres¬ 
sure  less  than  120  torr  and  the  heart  rate  les- 
than  130  beats  per  minute.  Following  institu¬ 
tion  ol  adequate  anesthesia,  a  median  sterno¬ 
tomy  was  performed  and  the  animals  were 
cannulated  for  right  and  total  cardiopulmonary 
bypass.  The  atrial-ventricular  conduction  system 
was  blocked  with  an  intraseptal  injection  of 
formalin  to  facilitate  subsequent  constant  ven¬ 
tricular  pacing  at  a  constant  rate  of  140.  An 
aortic  tourniquet  was  utilized  to  increase  aortic 
root  pressure  during  low  flows,  while  an  arterial 
venous  shunt  in  the  perfusion  circuit  was  used 
to  decrease  root  pressure  during  high  flows. 
Two  sets  of  myocardial  segment  ultrasonic 
crystals  were  placed  in  the  mid  and  apical 
anterior  left  ventricular  wall  to  measure  seg¬ 
mental  motion,  The  crystals  were  oriented  in 
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50  11  hemoglobin  saturation  were  calculated 
using  all  PO.  and  oxygen  saturation  values 
obtained  during  a  control  or  post-exchange 
dilution  condition. 

Experimental  sequence  ana  uninial  £roiif 

All  animals  were  subjected  to  baseline  con 
trol  measurements  at  a  pre-exchange  hetnato 
ern  ol  30  'V.  A  rapid  exchange  transfusion  was 
subsequent  carried  out  utilizing  approxima¬ 
tes  1?  All  measurements  were  repeated  and 
represented  the  dilution  values. 

The  15  animals  were  divided  into  three  equal 
groups  with  each  group  receiving  one  of  the 
three  following  solution-;  l  >  “‘a-  bovine  serum 
albumin:  2>  stroma-free  hemoglobin  solution 
prepared  b\  filtration  and  centrifugation;  and 
3-  similarly  prepared  stroma-1  rec  hemoglobin 
solution  modified  with  pcrido.xa!  phosphate  to 
decrease  its  oxygen  affinity  r-. 

Statistical  analysis 

Statistical  comparison  within  groups  were 
made  using  paired  l-k-'t  anah'i'.  Two  evaluate 
dilieretiwes  between  group'  one-way  analysis 
\ a ri wince  was  used.  A  statistieallx  significant 
dittcrcnce  was  felt  to  "w  achieved  win.;,  the 
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(.table  cl  lev.!  uii  utilizing  hemoglobin  so¬ 
lution  as  the  diluting  solution  when  com¬ 
pared  to  utilization  ot  albumin  solution. 

tlynaniu' 

The  present i  ot  a  higher  arterial  o\\- 
gen  content  following  hemodilution  with 
iwo  hemoglobin  solution  gioups  in  com- 
paiison  with  the  albumin  gtuup  was  the 
ot.U  statisiicalK  demons!  rated  beneitt  ol 
hemodilution  with  hemoglobin  solutions. 
Mean  myocardial  uwgen  consumption  va¬ 
lues  suggested  that  owgcn  consumption 
w as  better  maintained  with  hemoglobin 
solutions,  but  the  wide  \ariation  again 
made  statistical  \eril icat ion  impossible. 
Coroiiarv  sinus  pC*  and  lactate  extriic- 
tion  were  essential!)  unchanged  lollowing 
hemodilution  with  am  ul  the  three  solu- 
l  lull" 


E\l  Re  |s|\:  1  ,  sll  |)||  C 


Ml  I  Hops 

Twentv  mongrel  clog-  <  1' !-45  Kg'  of  eitlui 
sc\  prcvKiiish  named  t"  run  on  a  treadmill 
uciv  used  Following  anesthesia  with  sodium 
Pcntuharbitol  (2'  mg  Kg>  arterial  and  venous 
catheters  were  placed  in  the  carotid  and  ju¬ 
gular  vein  for  sampling  purposes  and  the 
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w.  v.  moorls 


spleen'  ui'u  icinovc-ci  Thi.  animal'  were  al- 
lowed  to  recover  fur  l"  before  expen- 

.neniaiioii  b.gai.  At  this  tin.e,  eutitrol  measure¬ 
ment'  weie  collected  during  ice  exercise,  and 
recoverv  period'.  Thc'e  measu:  ement'  included 
LKCj  evaluated  hear,  rate  and  arterial  and 
\cnou'  blood  sample'  lu;'  blood  gas  determi¬ 
nation.  hematocrit  levels  arterial  and  venous 
oxygen  content  levels  and  venolt'  lactate  le¬ 
vel'.  All  exit  else  dat.;  and  blood  sample'  were 
codec  ted  at  let  the  dug'  h.:.:  completed  lout 
minute'  o!  exercSt  include  -  tvvo  minutes  at 
Z  mph  and  two  minutes  at  -4  mph.  All  recoverv 
data  wti'  collected  ter.  minute'  post  exercise. 

Follow inr  the'e  control  measurements,  iour 
gioup'  o!  live  animal'  e.:e  i  were  exchange 
tran'tii'eei  with  eith.  r  the::  ciu;  blood  i  Sham 
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Total  run  time  was  measured  in  minutes  with 
a  completed  exercise  nan  taking  IS  minute' 

Statistical  analvsi'  consisted  ot  using  Ana 
l\']s  o(  Variance,  1  way,  follow eJ  by  a  New- 
man-keul'  Multiple  Range  Tc'-.. 

Rl.sl  1,1  S 

All  animals  receiving  either  a  Sham  ex¬ 
change  or  hav  ing  an  exchange  with  either 
at  the  hemoglobin  solutions  ran  at  level' 
approaching  control,  as  opposed  to  albu¬ 
min-exchanged  animals  who  were  signifi¬ 
cantly  limited  (p  0.05)  in  their  exercise 
capabilities.  Only  two  ot  five  albumin  ani¬ 
mals  were  capable  ot  exercising  following 
exchange,  whereas  all  animals  in  the  othet 
groups  were  capable  ot  exercise 

After  24  hours,  unmodified  struma-lice 
hemoglobin  solution  animals  experienced 
a  significant  drop  (/’  .  0  0'  in  total  run 
tunc  compared  to  animal'  ivcciv ing  mo¬ 
dified  stroma-free  hemoglobin  solution  o: 
animals  receiving  a  Sham  exchange.  All 
albumin  animals  wen  capable  of  cxcrci' 
ing  at  the  2-t  hour  mark  and  increased 
t/iei;  average  running  time  In.::;  2.3  to  V.“ 
minutes.  Despite  this  inerea'c,  albumin 
and  unmodiiied  stroma  free  hemoglobin 
solution  animal'  had  a  total  exercise  time 
which  vva'  still  statistically  lowu  that 
the  modified  stromal  rec  hemoglobin  so 
lution  group  Alter  seven  days.  .-.11  animal' 
were  able  to  recover  sufficiently  to  ar 
proach  control  levels. 

All  animals  wen  exchange  to  sir 
hcmaiocrii  level'  and  hv  seven  dav' 
exchange,  all  but  the  albumin  group  It. id 
returned  to  a  level  close  to  control  level- 
Heart  rale  results  during  tc't.  excrci'i 
and  recoverv  were  obtained  over  the 
veil  day  oh'crvation  period  Albumin  ani¬ 
mals.  immediately  following  exchange 
while  still  at  rot.  had  sigmt  ic.ii:: iv  lugiiei 
heart  rates  compand  to  all  othet  .ur¬ 
inals  (  1^4  44  vs.  10p  25.  133  23  and 

lit-  10  beats  per  minute,  ;  .  .05:. 

Arterial  oxygen  content  results  obtai¬ 
ned  immediately  following  exchange,  sho¬ 
wed  that  all  three  non-Sham  groups  expe- 
i  iencecf  significant  dreips  in  oxygen  con¬ 
tent  when  compared  tu  the  Sham  exehan- 
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gcd  animals  (p  ■  0.01'),  In  addition,  the 
oxygen  content  of  the  albumin  exchanged 
animals  was  sicnificantl\  lower  than  ei¬ 
ther  of  the  two  hemoglobin  groups  '6.4  - 
1.2  vs.  10.4  -  1,4  and  10.9  -  0°  ml  0  dL 
r  0.05 1 .  Through  the  4?-hour  period 
there  was  a  slieht  decrease  in  arterial  ox'  - 
gen  content  tor  both  hemogl- >bin  p'wns 
while  the  oxvgen  content  ot  the  albumin 
animals  increased  sliehth  tha'  tin 
three  groups  were  indistingui-hoBV  Be 
dav  seven,  however,  h-.  eh,  hemoglobin 
groups  had  increased  the’-  oxvgen  con¬ 
tent  levels  back  to  com  no'  values  while 
the  albumin  croup  allhounh  sontir.’-in; 
to  increase  slovvlv  had  values  that  were 
once  again  sign:f  Lant'v  low  it  than  ah 
three  other  groups  ;  r  .05  \> •  signiti- 

s an'  changes  were  dcie..i-csi  u  arts-ria*- 
venous  oxygen  v  -u.-n!  value -  J":  i;»c  the' 
res  tine  conditio:  .-  HuUcVi  v  d:u  ire  exer¬ 
cise  and  recor e-  v  the  two  aln  .cnin-vx-har-- 
*’e  d  anima;'  eapah1.  of  c\er-  c|:l‘  tee! 
front  i  lte  ot!v-  three  grout's  j«’  I,.-.-.- 
mean  artert.dv  cnoiis  owes'  ,-y;  uii- 

i evenees 

Albumin  ewhan-.vd  animals  w - 1  had 
sirnif  hantlv  higher  !a»  tan  lev  s  N  -moo¬ 
red  to  ttll  other  group-  -1.6  ?.o  1.4 

0.4.  1.7  1.4  and  1.5  2.0  m.M  L.  r 

it. O'  Lactate  leve''  durinc  t  \>-’vbc  and 
recoverv  tor  the  two  albumi-  does  came 
hie  ot  exercisin':  follow  in-  exeL-anc.  w s  \\ 
hieher  than  level'  found  tot  c>-her  hem  -• 
glohin  solution,  hut  the-  'tra'i  sample  si/e 
of  two  limits  our  ahilitv  to  compare  these 
results  on  a  statistical  basis  Lactate  le¬ 
vel'  fot  both,  hemoglobin;  solutions  did 
not  differ  sicnif teantlv  from  the  Sham 
values  for  either  rest,  n-anu'  or  reco¬ 
very  following  e'- hangs 


Exurc  im  v;  swtxr  > i »  n:>  s 

Mi  l  nous 

Fourteen  'Uim-  .41-'  Kg  of  siths.'  sex  wsts 
chronicallv  instrumenteel  in  a  ma.ur.er  similar 
to  that  pteviou'h  reporteel Tile  surgical 
preparation  was  pertormee  imis--  anesthesia 


consisting  of  induction  \s i ih  ketamine  -1  mg' 
Kl-  I  Mi  and  suriial  '20  mg  Ke.  IV  i.  and  main 
inpanee  with  a  combination  of  0.5  c-  hak>thane 
w  uh  oxvuen  and  intravenous  succinv  Icholins 
1 400  mg  L  at  7  ml  mm,  A  left  lateral  thora- 
unumv  was  performed  through  the  fourth 
intercc'lal  space  and.  the  pericardium  wa- 
onened  Left  ventricula:  internal  diameter  ul- 
tra'onie  dimension  ervsta!'  were  implanted  as 
indicators  of  global  hswrt  mechanics  These 
ip!  -rnal  diameter  crvstal'  wen  positioned  h\ 
nulling  ons  crvstal  with  its  wire  through  the 
let;  ventricular  lateral  wa!1  with  a  large  needle 
in  the  manner  descnhvj  bv  Bishop”1.  The 
crvstal  remained  in  th.-  left  ventttcular  chant- 
her  agaiv'i  the  septum  while  the  lead  wire' 
continued  out  through  the  septum  and  right 
ventricle  The  second  erv'ial  wa-  places!  on  the 
endocardium  of  the  lateral  wall  through  tbs 
track  created  bv  the  passage  of  the  first  crvstal 
<s;l:vsti.  catheters  <  Of1''  ID  were  placed  ir. 
ih.  descending  thoracis  aorta  '  t ■  -  monitor 
n-e"Uis'  collect  blood  samples  for  blood  ga' 
and  oxveer.  content  anah'is  and  to  serve  a» 
a  pi i-t  for  the  witlid'-.iwa:  of  bloos!  sample' 
du-  i-  "  m;.  vusphs  iv  in  ice  tiun  -  the  puimonar. 

i  to  obtain  a  mixed,  venous  sample  fo- 
h'oos1  gas  and  oxvgeu  corner.!  nnaivsi'  and 
-i-  1st:  atr-nm  no  monitor  prossitr.  arc  to 
iri.c-  micro' pheres •.  Ar  If  tr.rr.  ( internal  dia¬ 
meter-  eleett timaenetie  fit.-.-  probe  tBis-tronix 
c-!vs-  Sprin -s  MD  •  wa  placed  a  rent  r  .1  th. 
lwenditv:  aorta  to  nvea'inv  output  'CO:  and 
•  n  -n  \  ek  -C it  v. 

•V:  sathete's  ansi  leas:  wires  weie  brought 
•  of  'he  thorac'-  env  itv  via  the  f(<urth  inn-t- 
<>s»a!  >n;ss'  ansi  then  run  subdermallv  jh.s 
‘'a--',  wh-.-tv  thev  were  externalises! 

-  fwictio •: 

Vemricttl.t-  dimension-  were  measures!  using 
-nr-';, nie d  ultrasonic  crvstal'  connected  to  a 
-or»  .-micrometer  (S.A.  Changes  jn  internal 
dameter  diming  ventricular  election  ''  AD- 

. s  sts-l nis U  a'  EDD-FSD  •  100  divided  b\ 

unn  whs's  EDD  is  end-siiastolic  diameter  ansi 
t-SD  i  end-svstolic  diameter.  EDD  was  defined 
•s  tlie  time  coincident  with  the  peak  of  ths 
0  wavs  of  the  EKG  and  ESD  a-  tin  time 
p-iir.t  s-1  minimal  ehaminr  diantetei 

D-  "im. hJood  flow 

Distribution  of  cardiac  output  was  deter¬ 
mined  bv  injection  of  carbsini/ed  microspheres 
'  15  microns'  in  a  manner  previously  reported  ; 
Regional  blood  flow  wa'  calculated  bv  the 
method  described  bv  Domenech allowing 
How-  to  be  expressed  in  ml  min  g  tissue  'wet 
ws-ight  Ti-site  blsicks  ot  approximately  5  gram' 
were  taken  from  the  htain  cpicardium  endo- 
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cardiun.  kidney.  spleen,  iniestine.  stomach, 
and  skeletal  muscle  regions.  These  samples 
were  minced  dried  and  counted  in  a  Packard- 
Auto  Gamma  Spectrophotometer  model  5912 
equipped  with  a  multichannel  analyzer.  Ana¬ 
lysis  of  the  energy  spectia  was  performed 
according  to  thu  matri\  inversion  method  of 
Sehosser 

Blood  gas  analysis  and  oxygen  content  de¬ 
terminations  were  derived  from  blood  samples 
taken  from  the  arterial  and  venous  catheters 
tus;  prior  to  microsphere  injection 

Total  owger,  consump'ior.  was  defined  as 
arterial-venous  oxygen  content  difference  >'  car¬ 
diac  outnut  (ml  kn  min,  lota!  owgen  trans¬ 
port  i  m!  O. 'kg  mm  •  we.'  calculated  from 
arterial  owgen  content  •  cardia*  output.  Lac¬ 
tate  determinations  wets.  dor.e  using  the  tech¬ 
nique  ol  Beutler-'.  Mict ospiiet es  detected  in 
till  lung'  provided  data  fir  tin  perceir  of 
eaidia.  outp.f  shunted  atound  tin  capillary 


■L'/o; r’I'JOCc' 

Familiari/atio:.  of  tin  ar  n.aN  with  tread- 
mi!  cxeivi'v  was  eat  fled  out  it  the  manner 
prev  Kittslv  reported  hv  this  laboratory-’.  Two 
weeks  loliowing  surgical  instrumentation,  each 
animal  wa»  run  twice  ■  or  diffeient  da\ « •  or 
a  treadmill  to  a  state  of  e\! v.ti't;  r  for  deter¬ 
mination  of  maximal  heat :  rate  Exhaustion 
was  conside'.cd  to  he  rceJie;'  vv!  .  i  the  animal 
eouKl  no  longer  nvaintaii  tin  workload  in, 
n  'seei  upor  it 

When  the  peak  rate  wa-  reached  and  the 
animal  began  to  falter  final  measurement' 
were  made  This  wa'  describee:  >  a  maxima: 
cxeTeise  state1  Exeri'e  eap.isitv  w.,-  measured 
in  total  time  to  exhaustion  ■  minutes)  and  in 
'ota!  work  performed  'kg  mete?' 

r \  rerinv.  nud  design 

Four  eorielitions  were  stuelie e'  in  each  animal 
eu'itf',1  data  lor  the  resting  state  was  collected 
with  the  animal  standing  quieth  on  the  trend- 
m ’ 1 1  These  measurement  procedures  consisted 
"f  recording  hemodvnamic  measurements,  ta¬ 
king  arterial  and  venous  blood  samples,  and 
injecting  a  dose  of  tracer  microspheres  irto 
the  left  atrial  catheter  The  e'  procedures  w ere 
repeated  du!  in.g  maximal  exercise  conditions. 
Following  a  s"  minute  recovery  at  which  time 
the  norma!  resting  conditions  weic  re-esta- 
nli'heel  e'.ieh  animal  wa-  exchanged  to  an 
average  hematocrit  level  of  l'r  with  either 
hemoglobin  solution  or  albumin  solution.  Ex- 
■  htinge  time  was  1A  hours.  Post-exchange  con¬ 
trol  and  maximal  exercise  measurements  were 
made  The  following  measurement'  were  ob¬ 
tained  at  cash  recording •  cardiac  output,  ar¬ 


terial  and  left  atria!  pressure,  heart  rate,  strok, 
volume  change  in  flow  per  unit  time  CdF  d: 
and  sonomicrome  irv-measurcd  ventricular  d 
mensiuns. 

Data  anahsis  and  solutions  used 

All  statistics  were  performed  using  one  w, 
analysis  of  variance  with  a  N'ewman-Keu 
multiple  range  test.  Gtoup  analysis  bet  wee 
the  fout  resting  conditions  and  the  four  exet 
cixe  conditions  was  calculated. 

Two  animals  died  following  albumin  ex¬ 
change  with  ventricular  fibrillation  during 
exercise  and  could  not  be  included  in  this 
studv.  Therefore,  six  animals  were  used  in 
both  the  siroma-free  hemoglobin  solution  and 
in  the  albumin  solution  groups 

Two  experimental  solutions  bovine  serum 
albumin  and  unmodified  stroma-free  hemo¬ 
globin  solution,  were  prepared  for  these  ex¬ 
periments.  The  albumin  solution  was  prepared 
using  serum  bovine  albumin  as  previously 
described.  This  bovine  albumir  was  suspended 
in  hemodialysis  fluid  to  provide  a  final  cor, 
centration  of  approximately  7  mg  DP  The 
stroma-1  rec  hemoglobin  solution  was  prepared 
using  -i  modification  of  the  technique  described 
by  Grcenburg  and  ah"  was  prepared  in  ol¬ 
der  to  proyide  a  final  concentration  of  ap¬ 
proximately  ‘  mg  'DL  of  hemoglobin. 


Resi  t  ts 

All  results  are  shown  in  tables  III-YI. 
As  can  he  seen  in  table  III,  control  ani¬ 
mals  in  the  two  groups  had  hematocrits 
of  approximately  30°,-,  which  increased 
slightly  with  exercise.  Following  hemodi- 
lution  with  either  albumin  or  stroma-free 
hemoglobin  solution,  resting  hematocrits 
of  14  a  increased  to  IS  'b  with  exercise 

Albumin  exchanged  animal s 

Resting  condition:  Arterial  oxygen  con¬ 
tort!  and  A-V  O  difference  was  signifi¬ 
cantly  lower  than  control  following  ex¬ 
change-transfusion  with  alhum'n  ( tab.  IIP 
Oxygen  consumption  was  not  compromi¬ 
sed  due  to  increased  cardiac  output,  heart 
rate,  and  dF  dt  (lab.  IV).  Lactate  produc¬ 
tion  did  not  increase  significantly  (ta¬ 
ble  III).  An  increase  in  coronary  blood 
flow  was  detected,  but  there  were  no 
changes  in  cerebral  ot  \  iseera!  organ  blood 
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T xblf  III 

mcci'h  >  f-;(  >:is  comparing  albumin  with  stroma  irec 
hemoglobin  solution 
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flows  (tab.  Y  i  Mxucardial  function  ad¬ 
measured  b\  percent  change  ir.  diameter, 
was  not  compromised  'tab.  VI  >. 

Exercising  condition:  Arterial  oxygen 
content,  arterial-venous  ox> gen  content 
dilierence.  oxygen  consumption,  total  oxy 
gen  transport,  and  aortic  pressure  were 
decreased  signilicanib  when  compared 
to  control  exeuise  eonditions  ;  labs.  HI. 
I\'l.  Despite  a  decrease  in  heart  rate,  car¬ 
diac  output  remained  unchanged  because 
stroke  volume  increased  Eh  ah  lactate  pro¬ 
duction  and  left  atiia!  pressure  showed 
increases  compared  to  control  exercise, 
while  aortic  pressure  was  significantly  lo¬ 
wer  (tabs.  III.  IVi  The  albumin  exchange 
resulted  in  significant  increases  in  both 
coronary  and  cercbiu'  blood  flow,  as  well 
as  decreases  in  mean  usLcral  organ  flow 
(tab.  V).  Alhucin  exchanged  animals  could 
onlv  run  at  about  50  '  exercise  capacity 
of  their  contiol  exercise  capacity.  but  this 
decreased  performance  was  not  signifi¬ 
cantly  diffeieni  fium  the  60  1  a  achieved 
b\  the  hemoglobin  animals  (tab.  VI  t. 


S’ i otna-jrcc  hemoglobin  solution 

Resting  condition:  As  noted  following 
albumin  exchange,  stroma-free  hemoglo¬ 
bin  solution  exchange-transfused  animals 
had  a  significant  drop  in  arterial  oxygen 
content.  This  decrease  was  not  of  the  ma¬ 
gnitude  found  following  albumin  exchan¬ 
ge.  Despite  this  drop,  no  changes  occur¬ 
red  in  oxygen  consumption,  cardiac  out¬ 
put,  heart  rate,  lactate  production  (tabs.  I. 
II),  or  organ  blood  flow  (tab.  III).  As 
with  the  albumin  -  exchanged  animals, 
mvocardial  function  was  not  changed 
(tab.  IV). 

Exercising  condition:  During  exercise, 
both  arterial  oxygen  content  and  arterial- 
venous  oxygen  content  differences  were 
significantly  lower  than  control  exercise 
values  (tab.  III).  Cardiac  output  remai¬ 
ned  similar  to  control  levels  (tab.  V).  but 
unlike  the  albumin  animals,  the  stroma- 
free  hemoglobin  solution  animals  showed 
no  changes  in  oxygen  consumption,  oxy¬ 
gen  transport,  lactate  production,  heart 
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Tabu  IV 

Oxygen  dynamic  measurements  comparing  albumin  solution  versus  stroma  free 

hemoglobin  solution 


Albumu.  Stroma  frer  hc*moplob:n  suluiuv 

Cunlr^I  Exchange*  Control  hNcfcar.cc 


KcM 

Exerci'w 

RcM 

L\c:  a  iNy 

Rest 

E\e*f  c  iso 

R»w: 

F  u*r c  |y. 

Hematocrit  IS- 

31  -  4 

36  -  3 

14  -  3” 

18  4” 

3C  4 

33  -  3 

14  -  1** 

18  1” 

Arterial  oxygen 
content  (ml  d! 

12.7  2.5 

13. f  3 : 

6.2.:  1.8 

6.6  11* 

14  0  2  7 

15.6  2  4 

o,8  i  r* 

110  17* 

Arterial-yenouc 
oxvgen  content 
diflettt.ee  mi! 
dim  .  . 

6.1  2( 

is'  1  - 

3.5  1  R’ 

5  5  15- 

7  7  2  ^ 

12.2  -  1  ' 

5  0  -  0  6 

o  3  1  5’ 

Ox>  gen  concur?: 
ption  l  ml  kg  ' 

mm  .  . 

b'  1  ^ 

27  4  8  } 

6  4  2  4 

1  r  '  5  4*" 

7.4  2.3 

2C  7  5.2 

5  q  i : 

2  5  0  6  '• 

Oxxgct.  t r. 
port  (ml  kj  ' 
min' 

14  5  ?  >! 

55.1  112 

If  '  4h 

17  5  4.3* 

13.8  3.4 

33.2 

8.0 

0.7  -  1  o 

28  1  7  4 

Lactate  imM  I. 

0  0 

it  2.2 

2  8  2  2 

23  5  4  3” 

0.7-00 

16  0 

-  3.0 

2  0-30 

20  4-4  5 

Veuouc  PO. 
(mmHjO 

37  2 

20  /- 

35  6 

o 

32  6 

2) 

4 

2t  t 

28  -  15 

*  P  005  albumin  c.xcharicr.  \trsuv  offur* 

*  P  *■'  0.05  exchange  vrt  sus  co:;i:n! 


rate,  or  dF.  dt  (tab.  IV).  In  addition,  these  derations  in  attempting  to  establish  both 
animals  showed  no  detectable  changes  in  the  efficacy  and  freedom  from  toxicity  of 
organ  blood  flow  (tab.  V).  the  two  basic  hemoglobin  solutions  (mo¬ 

dified  and  unmodified).  Since  the  studies 
Microsphere  shunting  were  designed  with  separate  objectives, 

each  will  be  discussed  separately. 

The  results  of  the  shunting  measure¬ 
ments  are  shown  in  table  V.  With  stroma- 

free  hemoglobin  solution  and  albumin  Swisr  right  hf.art  bypass  sttdii.s 
solution,  the  shunt  was  increased  signifi¬ 
cantly  at  rest  and  decreased  significantly  In  performing  hemodilution  on  cardio- 
with  exercise.  Albumin  and  stroma-free  pulmonary  bypass  at  a  50  °o  exchange  le- 

hemoglobin  solution  animals  appeared  to  vel,  we  noted  generally  satisfactory  main- 

affect  microsphere  shunting  in  a  similar  tenance  of  myocardial  function,  although 
fashion.  all  groups  were  noted  to  have  statistically 

verifiable  decreases  in  stroke  volume.  Pre¬ 
vious  experience  with  this  animal  model 
Discission  indicated  generally  well  preserved  myo¬ 

cardial  function  if  the  hematocrit  was 
Each  of  our  three  studies  was  designed  kept  at  15  °u  or  greater'1.  That  same  re- 
to  examine  different  physiological  consi-  port  documented  a  loss  of  myocardial 
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Table  V 

Blood  flow  measurements  ; mi  min  WO  g  tissue)  comparing  albumin  solution 
i\>  struma  free  hemoglobin  solution 


Alt’-: 


Stroma  free  hemoglobin  snluiiun 


t 

Huh-mge- 

Control 

Exchange 

Re--  Ever-  -. 

Rc 

*•  Exercise 

Rf-i 

Exercise 

Rest 

Exercise 

Coronarv 

.  .  HA'-;-'  Ji-  7- 

?u 

U7-  652  -  182” 

106  -  30 

424  ■  139 

178;  59 

568;  109 

Brain 

.  .  .  4--  10  4'-  12 

55  : 

15  97  r  25* 

42;  11 

48;  13 

51;  11 

69;  23 

Skeletal 

mustU  v-  v  42  55 

0 

14  76  ;  64 

4;  3 

46;24 

4;  3 

80;  33 

kirtnev 

744  .  0^' 

107  5;  5 

161  ;  97 

55  ;  5" 

139;  102 

70;  103 

Inlestir 

4  > 

44 

—  t  t 

34  -  34 

12;  15 

37  ;  36 

14-18 

Stomas )' 

j  c-  ;  ,  i  1 

1; 

15  0.5;  0.3 

17;  14 

12  :  11 

20  :  1 1 

6;  10 

Live : 

•I  5  1- 

?;  ■ 

24  9_  15 

26;  18 

17;  11 

IS -7 

16;  22 

Spies 

552  i*“  c4  T.: 

***: 

205  3 .-  6 

222  90 

48  ;  73 

139;  82 

Encio  f  r 

.  i.2  o.: 

1  !• 

0  5  0.8  ;  0.2 

1  0  ;  0.5 

0.9  _■  0.2 

1.2;  0.2 

1.1;  0.2 

Luna  ' 

shunt  4  7  8*  :2 

4.5 

2"-  195-0.5*** 

4  2  1.0 

1.3  -  .4*** 

7.2  ;  .3 

1.1;0.5*‘ 

Lime 
•  P 
”  P 
’**  P 

mca'uiemeut-  au  ivpit>i:.:. 

0.025.  i-Sxhar.iii  \ e ;  »u%  uths 
*7  0.025.  e\eha:igs  \sisu-  seiUi 
0.05  ivr.'v.  in  v  t-r»us  rt»: 

,  b-.  ■ 

peripheral  blood 

shunting 

Tabu  VI 

Exercise  rfu'  nni’h  i  and  myocardial  function  measurements  comparing  albumin 
r>  strunui  fret  hemoglobin  solution 


A, run*.:-.  Stroma  free  hemoglobin  solution 


E\^  ha 

r.L'c 

Cor. 

'  ro! 

Exchange 

Rt 

Fv.:- 

Re'! 

Euf\  i>c 

Re>: 

Exercise 

Rest  Exercise 

Total  work  (kg 
meter  i  .  . 

1942  555 

9?  1  ;297* 

2052  ;  276 

1245;  294* 

Time  to  exhau¬ 
stion  nr,in  >  . 

11.4  22 

5.7- 1.2* 

12  1;  2.2 

7. 3;  1.8* 

lt  diameter 

shorten!  tig  2c  II 

2'  12 

27  10 

25  ;  8.5 

29  ;  6 

32;  9 

25;  1  35;7 

End-diastolie 

diamele:  imm  22  3 

22  4 

22  -  3 

22  ;  3 

21  -  2 

20;  3 

22;  0.4  19.5;  2 

*  P  0.005.  exchange  \s  control 
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function  if  the  hematocrit  was  at  10  °c 
or  less.  The  increased  oxygen  capacity  pro¬ 
vided  by  the  hemoglobin  was  insufficient 
to  prevent  the  decrease  in  stroke  volume 
that  occurred  when  the  hematocrit  rea¬ 
ched  approximately  12  %.  Myocardial  con¬ 
tractile  function  may  not  be  a  sensitive 
indicator  of  the  benefits  o*  increasing  oxy¬ 
gen  capacity  as  other  studies  examining 
myocardial  function  in  nonanesthetized 
animals  also  failed  to  show  any  benefit 
when  stroma-free  hemoglobin  solution 
was  used  *  .  Given  the  50  Vu  exchange  used 
in  this  study,  it  was  not  possible  to  de¬ 
monstrate  any  phsyiologic  benefits  from 
utilization  of  stroma-free  hemoglobin  so¬ 
lution  having  improved  oxygen  offloading 
characteristics.  At  higher  levels  of  exchan¬ 
ge,  we  haw  demonstrated  previously  a 
physiologic  effect  when  blood  o!  differ¬ 
ing  P,  characteristics  was  used  '.  Howe¬ 
ver,  w<_  must  conclude  that  under  the 
conditions  ol  cardiopulmonary  bypass, 
when  the  degree  of  exchange  is  at  50  'V, 
there  were  no  demonstrable  physiologic 
benefits  from  the  usage  o!  stroma-free 
hemoglobin  solution  as  opposed  to  albu¬ 
min  solution.  This  data  does  not.  howe¬ 
ver,  contradict  our  earliei  study  evaluat¬ 
ing  stroma-free  hemoglobin  solution  as  a 
cardiopulmonary  bypass  prime  at  extre¬ 
mely  low  hematocrit  levels'  .  In  that  stu¬ 
dy  utilizing  a  hematocrit  ol  5  'a  .  we  were 
unable  to  maintain  any  cardine  function 
unless  the  albumin  prime  was  replaced 
with  a  stroma-free  hemoglobin  solution 
prime. 

Stroma-free  hemoglobin  solution  is  not 
the  only  oxygen-carrying  solution  being 
evaluated  as  a  blood  substitute  and  con¬ 
sequently  as  a  cardiopulmonary  bypass 
priming  solution.  Fluorocarbon  emulsions 
have  been  evaluated  in  this  role,  prima¬ 
rily  by  Engelman  '  .  He  noted  that  the¬ 
se  emulsions  were  generally  effective,  but 
also  reported  some  disturbing  increases 
in  pulmonary  vascular  resistance,  thus 
raising  concern  regarding  the  safety  and 
tolerance  of  these  solutions. 

Concern  regarding  non-nephrotic  toxici¬ 
ty  of  the  hemoglobin  solutions  continues 


to  be  raised,  however  we  failed  to  docu¬ 
ment  any  measurable  toxicity  in  this  per¬ 
fused  swine  model.  Stroma-free  hemoglo¬ 
bin  solution  is  not  a  manufacturable 
«  chemical  »  solution  such  as  fluorocar¬ 
bon  emulsions,  and  is  subject  to  prepa¬ 
ration  variations  that  may  result  in  toxic 
sequelae  when  the  solutions  aw  admini¬ 
stered  to  animals  models.  Obvioush ,  a 
stroma-free  hemoglobin  solution  inundeu 
for  human  use  must  have  sufficient  qua¬ 
lity  control  and  purity  to  avoid  any  toxu 
reaction. 


Exercising  dog  studies 

Ample  scientific  literature  has  establi¬ 
shed  the  ability  of  stroma-free  hemoglo¬ 
bin  solution  to  maintain  gross  physiolo¬ 
gic  oxygen  requirements'  However, 
little  has  been  done  to  investigate  the  ef¬ 
fect  of  the  relatively  limited  intravascular 
retention  time  of  these  solutions  and  their 
subsequent  ability  to  act  as  an  adequate 
resuscitative  fluid  beyond  the  initial  ex¬ 
change.  and  even  less  is  known  about  the 
effects  of  introducing  conditions  such  as 
exercise 

Immediate  post-transfusion  period 

All  of  our  animals  appeared  well  fol¬ 
lowing  exchange  with  any  of  the  solu¬ 
tions,  suggesting  that  none  of  the  solu¬ 
tions  were  significantly  toxic.  Howevei . 
the  albumin  animals  were  clearly  more 
limited  in  their  ability  to  exercise,  an  acti¬ 
vity  requiring  additional  oxygen.  Albumin 
animals  had  significantly  shorter  total 
run  times,  higher  resting  heart  rate.-,  and 
higher  resting  venous  lactate  levels  com¬ 
pared  with  either  the  hemoglobin  group 
or  the  Sham  group.  The  association  ol 
oxygen  deficiency  as  the  reason  for  ilu-w 
abnormalities  is  further  supported  by  the 
albumin  animals  lower  arterial  oxygen 
content  values  when  compared  to  othei 
groups. 

It  clearly  appears  that  both  hemoglobin 
solutions  were  able  to  transport  enough 
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oxygon  to  maintain  exercise  despite  their 
differences  in  oxvgen  affinity.  The  more 
normalized  P.  of  the  modified  stroma 
free  hemoglobin  solution  did  not  provide 
any  significant  initial  advantage  over  un¬ 
modified  stroma-tree  hemoglobin  solution 
as  all  results  comparing  these  two  solu¬ 
tion^  in  the  immediate  post-exchange  pe¬ 
riod  were  virtually  identical.  Furthermo¬ 
re.  both  solutions  appeared  capable  of 
maintaining  almost  normal  physiologic 
function  as  almost  all  of  the  values  in  the 
hemoglobin  animals  approached  those 
achieved  by  the  Sham  dogs. 

The  lower  arterial-venous  oxvgen  con¬ 
tent  difference  values  noted  in  the  albu¬ 
min  animals  during  exercise  and  recovery 
periods  could  be  due  to  either  an  increa¬ 
sed  cardiac  output  or  decreased  oxvgen 
consumption.  Furthermore,  the  dogs  had 
an  increase  in  lactate  levels  during  exer¬ 
cise.  indicating  that  the  dec: eased  oxygen 
consumption  was  not  adequate!'  meeting 
oxygen  requirements.  These  results  would 
seem  to  support  the  thesis  that  it  is  the 
change  in  oxygen  carrying  capacity  bet¬ 
ween  the  albumin  and  the  stroma-free 
hemoglobin  solution  animals  that  is  re¬ 
sponsible  for  the  observed  plnsiulugic  dif¬ 
ferences. 

Albumin  animals  24  bouts  post-exchan¬ 
ge  hod  an  exercise  response  that  was  still 
limited,  but  would  show  signs  of  recovery 
in  terms  of  increased  total  run  time,  de¬ 
creased  heart  rate,  and  slight ly  increased 
arterial  oxygen  content  and  hematocrit 
levels.  It  appears  that  normal  metabolic 
and  physiologic  mechanisms  were  able  to 
compensate  for  the  limiting  oxygen  avai¬ 
lability  resulting  from  the  albumin  nans- 
tusion. 

By  day  seven  all  groups  were  back  to 
control  levels  in  all  categories  except  that 
the  albumin  exchanged  animals  still  ex¬ 
perienced  a  significantly  lower  arterial 
oxygen  content  level.  This  decreased  oxv¬ 
gen  content  appeared  to  correlate  with 
the  more  persistently  depressed  hemato¬ 
crit  level  still  present  in  the  albumin  ani¬ 
mals  by  the  seventh  day  .  Perhaps  the  ini¬ 
tial  presence  ot  stroma-free  hemoglobin 


solutions  may,  in  some  way,  accelerate 
the  return  of  a  more  normal  hematocrit 
as  well  as  normal  physiological  functions, 
even  though  the  stroma-free  hemoglobin 
solution  is  no  longer  in  the  vascular  bed. 

This  study  appears  to  provide  support 
for  several  conclusions.  Moderate  hemo- 
dilution  with  a  more  normalized  P,„  does 
not  provide  any  initial  advantage  in  terms 
of  exercise  capacity.  Both  hemoglobin  so¬ 
lutions  provide  a  significant  advantage 
over  7  °o  albumin  solution  as  a  resuscita- 
tive  fluid.  However,  these  advantages  ap¬ 
pear  to  be  short-lived  and  are  of  little  be¬ 
nefit  48  hours  post-exchange. 

By  the  seventh  post-transfusion  day,  all 
animal  groups  approach  control  levels  and 
are  virtually  indistinguishable,  although 
there  is  some  evidence  that  the  stroma- 
free  hemoglobin  solution  groups  may  have 
obtained  this  control  level  at  a  slightly 
faster  rate.  The  initial  beneficial  effects 
appear  to  be  due  to  the  increased  oxygen 
carrying  capacity  of  the  hemoglobin  solu¬ 
tions  while  the  somewhat  more  subtle 
long-range  benefits  must  be  speculated  as 
arising  from  an  effect  that  outlast  the 
actual  presence  of  the  solutions. 

A  final  conclusion  relates  to  our  failu¬ 
re  to  document  any  significant  non-stroma 
related  toxicity  reported  by  others.  Ho¬ 
wever,  the  recent  documentation  of  toxi¬ 
city  by  reliable  investigators  continues  to 
be  disturbing.  When  this  information  is 
combined  with  similar  toxic  reactions  in 
humans  continued  caution  must  be  ex¬ 
ercised  in  proposing  these  solutions  for 
clinical  applications. 


Exercising  swixr  studies 

The  results  from  this  study  indicate 
that  exercise  performance  was  maintai¬ 
ned  more  effectively  by  hemodilution  with 
unmodified  stroma-free  hemoglobin  solu¬ 
tion  than  with  7  °o  albumin.  This  is  indi¬ 
cated  by  greater  oxygen  delivery,  aortic 
pressure,  exercise  dF/dt,  duration  of  exer¬ 
cise,  and  decreased  lactate  production  in 
the  stroma-free  hemoglobin  solution  ex- 
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changed  animals  compaud  to  the  albu¬ 
min-exchanged  animals. 

At  rest  following  albumin  exchange, 
oxygen  consumption  and  oxygen  trans¬ 
port  remained  close  to  control  levels  due 
to  an  increase  in  cardiac  output.  Because 
stroke  volume  remained  constant,  this  in¬ 
crease  in  cardiac  output  was  due  to  an 
increase  in  heart  rate.  This  coincides  with 
the  results  of  other  investigators  ’  who 
reported  that  cardiac  output  varied  inver¬ 
sely  with  hematocrit  primarily  due  to  de¬ 
creased  viscosity  and  peripheral  vascular 
lesistancc.  Increased  cardiac  output  was 
not  detected  in  animals  exchanged  with 
stroma-free  hemoglobin  solution  which 
has  a  viscosity  similar  to  the  viscosity  of 
albumin  solution  ' .  Therefore,  it  mac  be 
that  the  increase  in  cardku  output  is  a 
combination  of  an  autoregulatory  mecha¬ 
nism  in  response  to  mild  hypoxia  as  well 
as  the  decreased  viscosity. 

During  exercise,  albumin-exchanged  ani¬ 
mals  had  lower  oxygen  consumption  when 
compared  to  pre-exchange  exercise  values. 
This  indicates  insufficient  oxygen  to  meet 
the  higher  oxygen  demands  of  exercise. 
This  was  associated  with  a  significant  de¬ 
crease  in  total  oxygen  transport  due  to 
the  decreased  transport  ol  oxygen  with 
albumin  solution  and  mac  also  be  due  to 
the  increased  peripheral  blood  shunting 
found  in  these  animals.  Evidence  for  this 
shunting  is  based  on  the  decreased  aortic 
pressure  and  lower  peripheral  resistance 
noted  in  the  albumin-exchanged  animals 
Precious  work  from  this  laboratory  "  ' 
has  shown  that  the  decrease  in  absolute 
visceral  blood  flow  is  a  sensitive  indica¬ 
tor  of  exercise  stress  in  the  pig.  This  sen¬ 
sitivity  is  apparent  when  comparing  the 
greater  decrease  in  visceral  blood  flow  in 
the  albumin  exchanged  exercised  group 
compared  to  the  other  eercised  groups. 

If  the  ultimate  limit  ot  aerobic  exercise 
is  the  limitation  of  oxygen  transport  or 
oxygen  diffusion  as  has  been  suggested  by 
Blomquist  and  Saltin  J",  then  the  redistri¬ 
bution  of  blood  flocc  away  from  the  ci- 
scera  during  eercise  mac  be  enhanced  fur¬ 
ther  during  hemodilution  and  exercise. 


The  degree  of  shunting  shown  in  these 
studies  is  low  enough  to  be  physiologi¬ 
cally  insignificant.  During  exercise,  shunt¬ 
ing  decreases  as  might  be  expected  since 
visceral  blood  flow  also  decreases  with 
exercise  and  much  of  the  shunting  mac 
be  coming  from  visceral  organs.  Shunting 
seen  at  rest  in  our  animals  is  .vimilar  to 
that  seen  in  stvine  from  other  laborato¬ 
ries 

During  exercise  stress  in  the  albumin- 
exchanged  animals,  heart  rate  did  not  in¬ 
crease  cardiac  output  enough  to  compen¬ 
sate  for  the  increased  oxygen  require¬ 
ments.  This  may  be  explained  by  a  failure 
to  meet  the  necessary  oxygen  require¬ 
ments  needed  to  elicit  a  maximal  heart 
rate.  Further  support  for  this  interpreta 
tion  is  provided  by  the  fact  that  albumin- 
exchanged  animals  ran  for  an  average  of 
1.6  minutes  less  than  stroma-free  hemo¬ 
globin  solution-exchange  animals  and  ap¬ 
proximately  six  minutes  less  than  unde: 
control  conditions 

Previous  reports  have  shown  an  in¬ 
crease  in  coronary  blood  flocc  with  hemo¬ 
dilution.  We  also  noted  that  corona rc 
blood  flocc  was  greater  following  hemo¬ 
dilution  with  albumin  during  re>i  and 
exercise.  Since  there  was  no  increase  in 
coronary  blood  flocc  following  stroma- 
free  hemoglobin  solution  exchange,  this 
suggests  that  these  animals  were  not  ex¬ 
periencing  as  high  a  level  of  hypoxia. 

The  constancy  ot  percent  change  ol  dia¬ 
meter  and  end-diastolic  diameter  suggests 
that  despite  decreased  oxygen  availabilitv 
following  exchange  with  albumin  versus 
stroma-free  hemoglobin  solution,  myocat- 
dial  performance  (determined  by  these  in¬ 
dices)  was  not  impaired.  This  apparent 
constancy  of  myocardial  function  mac  be 
deceiving,  however,  because  we  have  little 
information  regarding  how  long  myocar¬ 
dial  function  could  have  been  maintained 
under  these  conditions.  In  addition,  albu¬ 
min-exchanged  exercised  pigs  experienced 
a  significant  decrease  in  aortic  pressure 
and  a  marked  increase  in  left  atrial  pres¬ 
sure  during  exercise.  Such  changes  arc 
often  seen  during  initial  stages  of  myo 
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cardial  failure  Coronaiy  blood  flow  for 
these  animals  may  be  below  the  reserve 
capacities  of  the  heart  1 * 3 4 5  . 

Lactate  production  following  albumin 
exchange  and  exercise  increased  signifi¬ 
cantly  even  though  total  exercise  lime  was 
slightly  less  than  with  stroma-free  hemo¬ 
globin  solution.  Cain  reported  that  increa¬ 
sed  lactate  can  be  the  result  of  «  hypo¬ 
xemia  produced  by  autoexchange  ane¬ 
mia  >>  Although  we  did  not  find  increa¬ 
sed  lactate  at  rest  following  exchange,  we 
did  document  increased  lactate  during  ex¬ 
ercise.  Again,  we  are  provided  with  evi 
dence  that  albumin  animals  were  expe¬ 
riencing  a  greater  oxygen  detkiency  which 
ultimately  led  to  a  lower  exercise  capa- 
c  i  i  >  . 

An  issue  not  directly  addressed  in  this 
study  is  that  ol  the  potential  toxicity  oi 
the  solutions.  The  major  problem  of  tis¬ 
sue  damage  from  red  cell  stroma  has  ge¬ 
nerally  been  solved.  however  some  recen¬ 
tly  published  articles  have  documented 
significant  hemodynamk  and  hematolo¬ 
gical  toxicity  not  associated  with  the  stro¬ 
mal  components  '  Some  ot  the  repor¬ 


ted  abnormalities  such  as  minor  coagu¬ 
lation  defects  would  not  be  detected  in 
our  study,  however  the  major  hemodyna¬ 
mic  problems,  such  as  significant  arrhyth¬ 
mias,  hypoxia,  and  death,  would  have  been 
detected.  Since  these  problems  were  re¬ 
ported  in  rabbits  rather  than  in  pigs  and 
dogs,  it  would  seem  reasonable  to  conclu¬ 
de  that  the  animal  model  used  to  evaluate 
that  solution  is  of  crucial  importance. 

Conclusion 

While  the  art  and  science  of  manufac¬ 
turing  stroma-free  hemoglobin  solution 
has  not  reached  a  level  sufficient  to  pro¬ 
vide  a  product  that  can  function  as  a 
complete  red  cell  substitute,  we  feel  these 
studies  demonstrate  an  improvement  in 
various  physiologic  parameters  even  when 
an  incomplete  solution  is  used.  Further¬ 
more,  we  were  impressed  that  these  bene¬ 
ficial  effects  were  apparent  at  moderate 
levels  of  hemodilution,  although  the  im¬ 
position  of  an  exercise  stress  was  essen¬ 
tial  to  elucidate  some  of  these  differences. 
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ABSTRACT 


We  exchange-transfused  14  awake  swine  (sus  scroffa)  to  a  hematocrit  of 
14%  with  either  7%  bovine  serum  albumin  or  7%  human  stroina-free  hemoglobin 
solution  (SFHS)  and  exercised  them  on  a  treadmill.  The  albumin  solution  ani¬ 
mals  showed  a  significant  decrease  in  arterial  oxygen  content  that  resulted  in 
a  decrease  in  arterio-venous  oxygen  content  difference  and  an  increase  in 
cardiac  output  at  rest.  During  exercise,  these  animals  showed  significant 
decreases  in  aortic  pressure,  arterial  oxygen  content  and  arteri o-venous 
oxygen  content  difference  compared  to  control  exercise.  This  was  not  compen¬ 
sated  for  by  increased  cardiac  output  and  resulted  in  decreased  oxygen  con¬ 
sumption,  duration  of  exercise  capacity,  and  total  work  performed.  These  ani¬ 
mals  also  had  increases  in  lactate  production,  cerebral  and  coronary  blood 
flows,  and  left  atrial  pressure,  and  marked  decreases  in  visceral  organ  blood 
flow  and  dF/dt  compared  to  pre-exchange  exercise.  In  addition,  two  animals 
died  with  ventriculr  fibrillation  following  albumin  exhange  ana  maximal  exer¬ 
cise.  Animals  hemodi luted  with  SFHS  showed  decreased  arterial  oxygen  content 
and  a  decrease  in  arterio-venous  oxygen  content  difference  during  exercise, 
but  otnerwise  had  physiologic  data  similar  to  non-exchange  control  condi¬ 
tions.  The  higher  oxygen  content  provided  by  the  SFHS  allowed  the  anemic  pigs 
to  approach  their  non-anemic  condition. 

Index  Terms:  Anemia,  hemodynamics,  blood  flow  distribution,  oxidative  metabo¬ 
lism 
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INTRODUCTION 

Reduction  in  the  circulating  hematocrit  either  as  a  result  of  blood  loss 
or  erythrocyte  destruction  is  a  common  clinical  situation.  Although  the 
restoration  of  a  normal  hematocrit  and  normal  oxygen  capacity  would  seem  to  be 
a  desirable  goal  in  most  cases,  it  is  usually  not  possible  to  achieve  this 
goal  on  an  acute  basis  without  subjecting  patients  to  the  risks  of  blood 
transfusion.  In  addition,  a  reduced  hematocrit  may  actually  provide  a  benefi¬ 
cial  effect  in  certain  clinical  settings  by  decreasing  blood  viscosity.  Cur¬ 
rently,  tnis  is  only  possible  by  compromising  the  oxygen  carrying  capacity. 
Colloidal  or  crystalloid  cell-free  resuscitation  fluids,  capable  of  carrying 
only  dissolved  oxygen,  result  in  a  decreased  arterial  oxygen  content. 
Stroma-free  hemoglobin  solution  (SFHS)  has  been  considered  as  a  possible  hemo- 
diluting  vehicle  that  maintains  oxygen  capacity,  decreases  viscosity,  and 
avoids  the  risk  of  homologous  red  blood  cell  transfusions.  Previously,  these 
solutions  have  been  examined  primarily  at  extreme  levels  of  anemia  (6,22),  in 
anesthetized  animals  (18),  or  in  conscious  animals  at  rest  (20). 

The  concept  that  a  cell-free  artificial  blood  could  provide  increased  O2 
carrying  capacity  above  that  of  dissolved  oxygen  in  a  crystalloid  solution 
dates  back  to  1934  (1)  with  the  development  of  a  true  stroma-free  hemoglobin 
solution  in  the  late  1960s  (23).  Interest  in  stroma-free  hemoglobin  as  a 
blood  substitute  arose  primarily  from  its  many  advantages  over  crystalloid 
fluids.  These  include:  1)  its  existence  as  a  naturally  occuring  protein;  2) 
its  low  viscosity;  3)  its  oxygen  transporting  capabilities;  4)  the  elimination 
of  typing  or  crossmatching  problems;  6)  the  absence  of  any  significant  aller¬ 
genic  problems;  and  6)  its  ability  to  serve  as  an  adequate  plasma  expander. 


In  addition,  new  manufacturing  techniques  allow  the  production  of  a  true 
stroma-free  hemoglobin  solution  which  is  devoid  of  the  nephrotoxicity  previ¬ 
ously  associated  with  stromal  components  (13,24).  Further  wor<  has  helped 
solve  the  additional  problems  of  intravascul ar  retention  and  oxygen  offloading 
(10,11,16).  Its  use  as  a  resuscitation  fluid  has  been  reported  (9,15,19,24) 
and  others  have  demonstrated  increased  survival  with  the  use  of  these  solu¬ 
tions  at  hematocrits  of  5%  or  less  (6,18,22).  These  authors  all  reported  in¬ 
creased  effectiveness  of  stroma-f ree  hemoglobin  solution  over  other  crystal¬ 
loid  resusci tati on  fluids  demonstrating  that  acid-base  status,  mitochondrial 
function,  and  myocardial  function  are  preserved  adequately  if  hemoglobin  solu¬ 
tion,  rather  than  a  non-nemogl obi n  containing  solution,  is  used. 

Althougn  these  studies  have  been  valuable  in  estaolishing  the  "gross 
efficacy"  of  the  solutions,  they  have  not  characterized  oxygen  transport  com¬ 
pletely  in  these  animals,  nor  have  they  offered  much  information  regarding  the 
efficacy  of  the  solutions  in  less  anemic  conditions.  Furthermore,  nothing  is 
known  about  the  ability  of  stroma-free  hemoglobin  solution  to  meet  the  in¬ 
creased  oxygen  demands  associated  with  exercise. 

This  study  was  designed  to  compare  the  effects  of  stroma-free  hemoglobin 
solution  and  7%  albumin  solution,  in  conscious  animals  exchange-transfused  to 
equal  hematocrit  levels  and  examined  under  conditions  of  rest  and  maximal 
exercise.  Specifically,  we  tested  the  following  hypothesis:  since  exercise 
performance  is  dependent  on  total  oxygen  transport  and  oxygen  consumption,  is 
performance  maintained  more  successfully  in  exercising  swine  following  hemodi- 
lution  with  stroma-free  hemoglobin  solution  rather  than  with  albumin. 
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METHODS 
Animal  Model 

Fourteen  swine  (40-50  kg)  of  either  sex  were  chronically  instrumented  in 
a  manner  similar  to  that  previously  reported  (25).  The  surgical  preparation 
was  performed  under  anesthesia  consisting  of  induction  with  ketamine  (1  mg/kg, 
IM)  and  surital  (20  mg/kg,  IV),  and  maintenance  with  a  combination  of  0.5% 
halothane  with  oxygen  and  intravenous  succinylcholine  (400  mg/L  at  7  ml/min). 

A  left  lateral  thoracotomy  was  performed  through  the  fourth  intercostal  space 
and  the  pericardium  was  opened.  Left  ventricular  internal  diameter  ultrasonic 
dimension  crystals  were  implanted  as  indicators  of  global  heart  mechanics. 
These  internal  diameter  crystals  were  positioned  by  pulling  one  crystal  with 
its  wire  tnrough  the  left  ventricular  lateral  wall  with  a  large  needle  in  tne 
manner  described  by  Bishop  (3).  The  crystal  remained  in  the  left  ventricular 
chamber  against  the  septum  while  the  lead  wires  continued  out  througn  the  sep¬ 
tum  and  right  ventricle.  The  second  crystal  was  placed  on  the  endocardium  of 
the  lateral  wall  through  the  track  created  by  the  passage  of  the  first  crys¬ 
tal.  Silastic  catheters  (.085"  ID)  were  placed  in  the  descending  thoracic 
aorta  (to  monitor  pressure,  collect  blood  samples  for  blood  gas  and  oxygen 
content  analysis,  and  to  serve  as  a  port  for  the  withdrawal  of  blood  samples 
during  microsphere  injection),  the  pulmonary  artery  (to  obtain  a  mixed  venous 
sample  for  blood  gas  and  oxygen  content  analysis),  and  the  left  atrium  (to 
monitor  pressure  and  to  inject  microspheres).  An  18  mm  (internal  diameter) 
electromagnetic  flow  probe  (Biotronix,  Silver  Springs,  Maryland)  was  placed 
around  the  ascending  aorta  to  measure  cardiac  output  (CO)  and  ejection  velo¬ 
city. 

All  catheters  and  lead  wires  were  brought  out  of  the  thoracic  cavity  via 
the  fourth  intercostal  space  and  then  run  subaermally  to  the  back  where  tney 
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were  externalized.  A  diagram  of  this  instrumentation  is  presented  in  Figure 

1. 

Myocardial  Function 

Ventricular  dimensions  were  measured  using  implanted  ultrasonic  crystals 
connected  to  a  Schuessler  and  Associates  Sonomi crometer  (Sonotek,  San  Diego, 
Ca.).  The  ultrasonic  signal  was  monitored  with  a  Tectronic  465B  oscilloscope 
(Beaverton,  Ore.)  and  was  recorded  on  an  El ema-Schonander  Minograf  81  ink  jet 
recorder  (Stockholm,  Sweden). 

Global  left  ventricular  function  was  measured  using  the  technique  of 
Bishop  (3).  Changes  in  internal  diameter  during  ventricular  ejection  (%A.D) 
were  defined  as  EDD-ESD  x  10U  divided  by  EDD;  where  EDD  is  end-diastolic  diam¬ 
eter  and  ESD  is  end-systolic  diameter.  EDD  was  defined  as  the  time  coincident 
with  the  peak  of  the  R  wave  of  the  EKG,  and  ESD  as  the  time  point  of  minimal 
chamber  diameter. 

Regional  Blood  Flow 

Distribution  of  cardiac  output  was  determined  by  injection  of  carbonized 
microspheres  (15  _+  lCL«m,  New  England  Nuclear,  Boston,  Mass.)  in  a  manner  pre¬ 
viously  reported  (26).  Regional  blood  flow  was  calculated  by  the  method  des¬ 
cribed  by  Domenech  (8)  allowing  flows  to  be  expressed  in  ml/min/g  tissue  (wet 
weight).  Tissue  blocks  of  approximately  5  grams  were  taken  from  the  brain, 
epicardium,  endocardium,  kidney,  spleen,  intestine,  stomach,  and  skeletal  mus¬ 
cle  regions.  These  samples  were  minced,  dried,  and  counted  in  a  Packard-Auto 
Gamma  Spectrophotometer  model  5912  equipped  with  a  multichannel  analyzer.  A 
Hewlett-Packard  9825A  programmable  calculator  was  used  to  calculate  radioacti¬ 
vity  per  gram  of  tissue.  Analysis  of  the  energy  spectra  was  performed 
according  to  the  matrix  inversion  method  of  Schosser  (27).  Standards,  con¬ 
taining  pure  radionuclide,  provided  overlap  matrix  values.  Unknown  amounts  of 
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the  radionuclide  in  all  samples  were  determined  by  solving  a  system  of  simul¬ 
taneous  linear  equations.  Validity  checks  were  made  by  counting  sealed  radio¬ 
nuclide  samples  separately  and  then  counting  them  together  in  a  single 
sample.  These  validation  procedures  demonstrated  an  error  of  less  than  3%. 

Blood  gas  analysis  (Instrumentation  Laboratories  813,  Lexington,  Mass.) 
and  oxygen  content  determinations  (I.L.  288  and  Lexington  Instruments :Lex  O2 
Con)  were  derived  from  blood  samples  taken  from  the  arterial  and  venous  cathe¬ 
ters  just  prior  to  microsphere  injection. 

Total  oxygen  consumption  was  defined  as  arterial -venous  oxygen  content 
difference  x  cardiac  output  (ml/kg/min).  Total  oxygen  transport  (ml  O^/kg / 
min)  was  calculated  from  arterial  oxygen  content  x  cardiac  output.  Lactate 
determinations  were  done  using  the  technique  of  Beutler  (2).  Microspheres 
detected  in  the  lungs  provided  data  for  the  percent  of  cardiac  output  shunted 
around  the  capillary  beds  (12). 

Animal  Protocol 

Familiarization  of  the  animals  with  treadmill  exercise  was  carried  out  in 
the  manner  previously  reported  by  this  laboratory  (32).  Two  weeks  following 
surgical  instrumentation  a  progressive  continuous  treadmill  stress  test  was 
administered  to  each  animal  on  two  successive  days.  These  data  were  needed  in 
order  to  determine  the  maximum  heart  rate  of  each  animal  and  to  determine  the 
normal  exercise  capacity  of  each  animal.  The  animals  had  been  adapted  to 
treadmill  running  by  progressive  stress  testing  prior  to  surgery.  The  tread¬ 
mill  protocol  consisted  of  the  following  two-minute  stages  of  increasing  work 
load:  2  mph/15%  grade,  3.1  mph/5%  grade,  3.1  mph/10%  grade,  3.1  mpn/15% 
grade,  and  3.1  mph/20%.  Maximal  oxygen  consumption  was  determined  when  in¬ 
creased  effort  no  longer  elicited  a  further  increase  in  heart  rate  or  oxygen 
consumption.  An  electrically  charged  grid  at  the  rear  of  the  treadmill 
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discouraged  halting  before  exnaustion.  Previous  studies  from  our  laboratory 
haveshown  that  the  pig  can  achieve  and  sustain  maximal  heart  rate  for  several 
minutes  while  final  measurements  are  made  (31).  It  was  anticipated  that  ani¬ 
mals  that  received  a  blood  exchange  would  have  a  greatly  decreased  work  capa¬ 
city.  In  two  pilot  studies  with  animals  not  included  in  this  study  we  ex¬ 
changed  SFHS  or  albumin  and  attempted  to  repeat  the  progressive  stress  test. 
Neither  animal  was  able  to  achieve  more  than  the  third  workload  stage  (3.1 
mph/10%  grade).  Furthermore,  each  animal  stopped  abruptly  during  the  third 
stage,  suggesting  that  the  steady-state  condition  necessary  for  microsphere 
measurements  could  not  be  achieved.  Therefore,  the  exercise  program  following 
exchange  consisted  of  stage  1  ana  stage  2  workloads  with  stage  2  continuing 
until  the  animal  was  no  longer  able  to  run.  Microspheres  were  injected  at  a 
heart  rate  previously  determined  as  maximum,  and  maximum  oxygen  consumption 
was  determined  from  the  aortic  flow  probe  and  blood  gas  measurements  before 
exercise  termination.  Maximal  heart  rates  were  similar  between  the  control 
progressive  test  and  the  modified  post-exchange  progressive  test.  Exercise 
capacity  was  measured  in  total  time  to  exhaustion  (minutes)  and  in  total  work 
performed  (kg/meters)  calculated  by  meters/min  x  percent  grade  x  kg  (body 
weight)  x  minutes.  Control  pre-exchange  exercise  work  performance  of  approxi¬ 
mately  2U00  kg/meter  was  similar  to  values  obtained  in  other  control  exercise 
runs  in  our  laboratory. 

Experimental  Design 

Four  conditions  were  studied  in  each  animal.  Control  data  for  the 
resting  state  was  collected  with  the  animal  standing  quietly  on  the  tread¬ 
mill.  These  measurement  procedures  consisted  of  recording  hemodynamic  mea¬ 
surements,  taking  arterial  and  venous  blood  samples,  and  injecting  a  dose  of 
tracer  microspheres  (approximately  5  x  106  spheres)  into  the  left  atrial 
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catheter.  These  procedures  were  repeated  during  maximal  exercise  conditions. 
Following  a  30  minute  recovery,  at  which  time  the  normal  resting  conditions 
were  re-established,  each  animal  was  exchanged  to  an  average  hematocrit  level 
of  15%  with  either  hemoglobin  solution  or  albumin  solution.  Exchange  time  was 
1.5  hours.  Post-exchange  control  and  maximal  exercise  measurements  were 
made.  The  following  measurements  were  obtained  at  each  recording:  cardiac 
output,  arterial  and  left  atrial  pressure,  heart  rate,  stroke  volume,  change 
in  flow  per  unit  time  (dF/dt),  and  sonomicrometry -measured  ventricular  dimen¬ 
sions. 

Data  Analysis 

Statistical  analysis  included  the  use  of  one-way  analysis  of  variance 
with  a  Newman-Keuls  multiple  range  test  for  between  group  and  condition 
testing.  Paired  t-tests  were  performed  within  the  groups  for  condition 
testing  (exchange  vs_.  control;  exercise  vs_.  rest). 

Two  animals  died  during  exercise  following  albumin  exchange  with  ventri¬ 
cular  fibrillation  and  could  not  be  included  in  this  study.  Therefore,  six 
animals  were  used  in  both  the  stroma-free  hemoglobin  solution  and  in  the  albu¬ 
min  solution  groups. 

Preparation  of  the  Solutions 

Two  solutions  having  similar  oncotic  and  colloid  pressures  were  prepared 
for  these  experiments.  The  albumin  solution  was  prepared  using  serum  bovine 
albumin  from  a  commercial  source  (Cal  Biochem,  La  Jolla,  California).  This 
bovine  albumin  was  suspended  in  hemodialysis  fluid  to  provide  a  final  concen¬ 
tration  of  approximately  7  g/DL.  The  stroma-free  hemoglobin  solution  was  pre¬ 
pared  using  a  modification  of  the  technique  described  by  Greenburg  (10).  This 
solution  was  prepared  in  order  to  provide  a  final  concentration  of  approxi¬ 
mately  7  g/OL  of  hemoglobin.  A  typical  batch  of  our  stroma-free  hemogloDin 
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solution  was  character! zed  by  a  hemoglobin  concentration  of  6.1  g/UL,  a  methe- 
moglobin  concentration  of  0.9%,  normal  serum  electrolytes,  an  osmolanty  of  32 
mOsm,  and  a  p50  of  14.9  TORR.  All  solutions  were  used  within  90  days  of  manu¬ 
facture  (storage  at  4°C)  and  periodic  pyrogen  testing  and  determination  of 
metnemogl obi n  levels  insured  the  use  or  a  sterile  product  with  methemoylouin 
level  less  than  3%.  Although  we  did  not  directly  measure  the  p50  of  the 
post-exchange  in  vivo  blood  and  SFHS  mixture  in  these  pigs,  we  have  notea  in 
previous  studies  (21)  that  the  resultant  in  vivo  p50  drops  from  a  normal  value 
of  approximately  35  TORR  to  a  reduced  value  of  27  TORR. 

RESULTS 

All  results  are  shown  in  Tables  1-4  and  Figures  3-5.  An  example  of 
actual  pressure  dimension  and  flow  tracings  during  rest  and  exercise  is  seen 
in  Figure  2.  Specific  illustrations  for  coronary  blood  flow,  oxygen  consump¬ 
tion,  ana  aortic  pressure  are  shown  in  Figures  3,  4,  ana  5  respectively. 

As  can  be  seen  in  Table  1,  control  animals  in  the  two  groups  had  hemato¬ 
crits  of  approximately  30%,  which  increased  slightly  with  exercise.  Following 
hemodilution  with  either  albumin  or  stroma-free  hemoglobin  solution,  resting 
hematocrits  of  14%  increased  to  18%  with  exercise. 

Albumin  Exchanged  Animals 

Resting  Condition:  Arterial  oxygen  content  and  A-V  O2  difference  was 
significantly  lower  than  control  following  exchange-transfusion  with  albumin 
(Table  1).  Oxygen  consumption  (Figure  4)  was  not  compromised  due  to  increased 
cardiac  output,  heart  rate,  and  dF/dt  (Table  2).  Lactate  production  did  not 
increase  significantly  (Table  1).  An  increase  in  coronary  blood  flow  was 
detected  (Figure  3),  but  there  were  no  changes  in  cerebral  or  visceral  organ 
blood  flows  (Table  3).  Myocardial  function,  as  measured  by  %  D,  was  not  com¬ 
promised  (Table  4). 
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Exercising  Condition:  Arterial  oxygen  content,  arterial -venous  oxygen 
content  difference,  oxygen  consumption  (Figure  4),  total  oxygen  transport,  and 
aortic  pressure  (Figure  5)  were  decreased  significantly  when  compared  to  con¬ 
trol  exercise  conditions  (Tables  1,2).  Despite  a  decrease  in  heart  rate, 
cardiac  output  remained  unchanged  because  stroke  volume  increased.  Both  lac¬ 
tate  production  and  left  atrial  pressure  showed  increases  compared  to  control 
exercise  (Tables  1,2),  while  aortic  pressure  was  significantly  lower  (Figure 
5).  The  albumin  exchange  resulted  in  significant  increases  in  both  coronary 
and  cerebral  blood  flow,  as  well  as  decreases  in  mean  visceral  organ  flow 
(Table  3).  Albumin-exchanged  animals  could  only  run  for  a  period  of  time 
equal  to  approximately  50%  of  their  control  exercise  time,  but  this  decreased 
performance  was  not  significantly  different  from  the  60%  performance  achieved 
by  the  hemoglobin  animals  (Table  4). 

Stroma-Free  Hemoglobin  Solution 

Resting  Condition:  As  noted  following  albumin  exchange,  stroma-free 
hemoglobin  solution  exchange-transfused  animals  had  a  significant  drop  in 
arterial  oxygen  content.  This  decrease  was  not  of  the  magnitude  found  fol¬ 
lowing  albumin  exchange.  Despite  this  drop,  no  changes  occurred  in  oxygen 
consumption,  cardiac  output,  heart  rate,  lactate  production  (Tables  1,2),  or 
organ  blood  flow  (Table  3).  As  with  the  albumin-exchanged  animals,  myocardial 
function  was  not  changed  (Table  4). 

Exercising  Condition:  During  exercise,  both  arterial  oxygen  content  and 
arterial -venous  oxygen  content  differences  were  significantly  lower  than  con¬ 
trol  exercise  values  (Table  1).  Cardiac  output  remained  similar  to  control 
levels  (Table  3),  but  unlike  the  albumin  animals,  the  stroma-free  hemoglobin 
solution  animals  showed  no  changes  in  oxygen  consumption,  oxygen  transport, 
lactate  production,  heart  rate,  or  dF/dt  (Table  2).  In  addition,  these  ani¬ 
mals  showed  no  detectable  changes  in  organ  blood  flow  (Table  3). 


10 


Microsphere  Shunting 

The  results  of  the  shunting  measurements  are  shown  in  Table  3.  With 
stroma-free  hemoglobin  solution  and  albumin  solution,  the  shunt  -ms 
increased  signi ficantly  at  rest  and  decreased  significantly  with  exercise. 
Albumin  and  stroma-free  hemoglobin  solution  animals  appeared  to  affect  micro¬ 
sphere  shunting  in  a  similar  fashion. 

DISCUSSION 

The  results  from  this  experiment  indicate  that  exercise  performance  was 
maintained  more  effectively  by  hemodilution  with  stroma-free  hemoglobin  solu¬ 
tion  than  with  7%  albumin.  This  is  indicated  by  greater  oxygen  delivery, 
aortic  pressure,  exercise  dF/dt,  duration  of  exercise,  and  decreased  lactate 
production  in  the  stroma-free  hemoglobin  solution  exchanged  animals  compared 
to  the  albumin-exchanged  animals. 

At  rest  following  albumin  exchange,  oxygen  consumption  and  oxygen  trans¬ 
port  remained  close  to  control  levels  due  to  an  increase  in  cardiac  output. 
Because  stroke  volume  remained  constant,  this  increase  in  cardiac  output  was 
due  to  an  increase  in  heart  rate.  This  coincides  with  the  results  of  other 
investigators  (5,14)  who  reported  that  after  a  50%  reduction  in  hemoglobin 
concentration  cardiac  output  varied  inversely  with  hematocrit  primarily  due  to 
decreased  viscosity  and  peripheral  vascular  resistance.  Increased  cardiac 
output  was  not  detected  in  animals  exchanged  with  stroma-free  hemoglobin  solu¬ 
tion  which  has  a  viscosity  similar  to  the  viscosity  of  albumin  solution  (7). 
Therefore,  it  may  be  that  the  increase  in  cardiac  output  is  a  combination  of 
an  autoregul atory  mechanism  in  response  to  mild  hypoxia  as  well  as  the 
decreased  viscosity. 

During  exercise,  albumin-exchanged  animals  had  lower  oxygen  consumption 
when  compared  to  pre-exchange  exercise  values.  This  indicates  insufficient 


11 


oxygen  to  meet  the  higher  oxygen  demands  of  exercise.  This  was  associated 
with  a  significant  decrease  in  total  oxygen  transport  due  to  the  decreased 
transport  of  oxygen  with  albumin  solution  and  may  also  be  due  to  the  increased 
peripheral  blood  shunting  found  in  tnese  animals.  Evidence  for  this  peri¬ 
pheral  arterial -venous  shunting  is  based  on  the  decreased  aortic  pressure  and 
lower  peripheral  resistance  noted  in  the  albumin-exchanged  animals.  Previous 
work  from  this  laboratory  (25)  has  shown  that  the  decrease  in  absolute  visce¬ 
ral  blood  flow  is  a  sensitive  indicator  of  exercise  stress  in  the  pig.  This 
sensitivity  is  apparent  when  comparing  the  greater  decrease  in  visceral  blood 
flow  in  the  albumin-exchanged  exercised  group  compared  to  the  other  exercised 
groups. 

If  the  ultimate  limit  of  aerobic  exercise  is  the  limitation  of  oxygen 
transport  or  oxygen  diffusion  as  nas  been  suggested  by  Blomquist  and  Saltin 
(4),  then  the  redistribution  of  blood  flow  away  from  the  viscera  during  exer¬ 
cise  may  be  enhanced  further  during  hemodilution  and  exercise. 

The  degree  of  shunting  based  on  microspheres  trapped  in  the  lung  shown  in 
these  studies  is  low  enough  to  be  physiologically  insignificant.  It  is  of 
some  interest  that  the  degree  of  shunting  at  rest  increases  significantly  with 
stroma-free  hemoglobin  solution  and  albumin  solution,  suggesting  rheological 
alteration  which  might  account  for  more  arterial -venous  shunting.  However, 
since  the  point  of  maximal  stress  is  during  exercise  and  there  is  relatively 
low  shunting  during  exercise  under  all  conditions,  it  does  not  appear  that 
either  albumin  or  stroma-free  hemoglobin  solution  results  in  enough  shunting 
to  have  an  adverse  effect  during  exercise. 

During  exercise  stress  in  the  albumin-exchanged  animals,  heart  rate  did 
not  increase  cardiac  output  enough  to  compensate  for  t.'e  increased  oxygen 
requirements.  This  may  be  explained  by  a  failure  to  meet  the  necessary  oxygen 
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requi cements  needed  to  elicit  a  maximal  heart  rate.  Further  support  for  this 
interpretation  is  provided  by  the  fact  that  al bumin-exchangeo  animals  ran  for 
an  average  of  1.6  minutes  less  than  stroma-free  hemoglobin  solution-exchanged 
animals  and  approximately  six  minutes  less  than  under  control  conditions. 

Previous  reports  (14)  have  shown  an  increase  in  coronary  blood  flow  with 
hemodi lution.  We  also  noted  that  coronary  blood  flow  was  greater  following 
hemodilution  with  albumin  during  rest  and  exercise.  Since  there  was  no 
increase  in  coronary  blood  flow  following  stroma-free  hemoglobin  solution  ex¬ 
change,  this  suggests  that  these  animals  were  not  experiencing  as  high  a  level 
of  hypoxia. 

The  constancy  of  %^D  and  end-diastolic  diameter  suggests  that  despite 
decreased  oxygen  availability  following  exchange  with  albumin  versus  stroma- 
free  hemoglobin  solution,  myocardial  performance  (determined  by  these  indices) 
was  not  imnaired.  This  apparent  constancy  of  myocardial  function  may  be 
deceiving,  however,  because  we  have  little  information  regarding  how  long  myo¬ 
cardial  function  could  have  been  maintained  under  these  conditions.  In  addi¬ 
tion,  albumin-exchanged  exercised  pigs  experienced  a  significa  decrease  in 
aortic  pressure  and  a  marked  increase  in  left  atrial  pressure  during  exer¬ 
cise.  We  have  seen  such  changes  often  during  initial  stages  of  myocardial 
failure  (28)  and  have  attributed  them  to  a  coronary  blood  flow  below  the 
reserve  capacity  of  the  heart  (31). 

A  recent  investigation  from  our  laboratory  (17)  on  the  effects  of  global 
hypoxia  on  myocardial  function  showed  that  indices  of  myocardial  function  such 
as  %  0  and  dP/dt  increased  with  decreasing  arterial  P02*  The  point  of  criti¬ 

cal  oxygen  delivery  to  the  heart  was  character! zed  by  a  maximal  dP/dt  response 
and  a  maximal  stroke  volume.  This  critical  point  also  results  in  maximal 
coronary  vasodilation.  With  a  further  decrease  in  arterial  oxyen  content. 
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immediate  "heart  failure"  is  evident,  as  shown  by  a  rapid  decrease  in  dP/dt, 
stroke  volume,  %4D,  arterial  blood  pressure,  and  a  net  production  of  myo¬ 
cardial  lactate.  This  rapid  decompensation  of  the  heart  may  not  be  evident  in 
an  exercising  animal  since  intense  exercise  is  probably  impossible  at  such  low 
oxygen  tensions.  However,  in  this  present  study  we  experienced  two  episodes 
of  sudden  heart  failure  characterized  by  ventricular  fibrillation  in  exer¬ 
cising  animals  following  albumin  exchange.  These  animals  had  no  previous 
arrhythmias  while  exercising,  but  showed  a  sudden  rapid  decrease  in  blood 
pressure,  dF/dt,  and  %  D  just  before  fibrillation.  The  data  from  these  two 
animals  were  not  used  in  this  study  since  final  blood  flow  studies  were  not 
obtained. 

Additional  support  for  the  advantage  of  stroma-free  hemoglobin  solution 
over  albumin  is  provided  in  the  overall  exercise  performances.  Although 
none  of  the  exchanged  animals  in  either  group  met  control  levels,  stroma-free 
hemoglobin  solution  animals  were  able  to  run  to  a  60%  capacity,  while  albumin 
animals  were  capable  of  reaching  only  50%  capacity.  This  10%  difference  did 
not  reach  statistical  significant  and  would  not  initially  appear  to  be  impor¬ 
tant.  However,  this  10%  difference  in  measurable  exercise  endurance  was 
accompanied  by  a  qualitative  difference  in  the  manner  in  which  the  two  groups 
tolerated  their  maximum  exercise  levels.  The  stroma-free  hemoglobin  solution- 
exchanged  animals  were  almost  always  capable  of  continuing  to  exercise  at 
their  maximum  heart  rate,  while  the  albumin  animals  had  difficulty  sustaining 
their  maximum  exercise.  This  difference  in  exercise  performance  was  more 
dramatic  in  similar  exercise  studies  utilizing  a  similar  albumin  and  50% 
stroma-free  hemoglobin  solution  exchange  in  exercising  nonthoracotomized  dogs 
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Lactate  production  following  albumin  exchange  and  exercise  increased  sig¬ 
nificantly  even  though  total  exercise  time  was  slightly  less  than  with  stroma- 
free  hemoglobin  solution.  Cain  reported  that  increased  lactate  can  be  the 
result  of  "hypoxemia  produced  by  autoexchange  anemia"  (5).  Although  we  did 
not  find  increased  lactate  at  rest  following  exchange,  we  did  find  increased 
lactate  during  exercise.  Again,  we  are  provided  with  evidence  that  albumin 

animals  were  experiencing  a  greater  oxygen  deficiency  which  ultimately  led  to 

a  lower  exercise  capacity. 

Although  overall  exercise  performance  was  lower  than  control  levels  fol¬ 
lowing  stroma-free  hemoglobin  solution  exchange,  this  study  suggests  that  ani¬ 
mals  hemodi luted  with  such  a  solution  have  higher  exercise  capacity  than  ani¬ 
mals  hemodi luted  with  albumin  solution. 

An  issue  not  directly  addressed  in  this  study  is  the  potential  toxicity 

of  the  solutions.  The  major  problem  of  tissue  damage  from  red  cell  stroma  has 

generally  been  solved,  however  some  recently  published  articles  have  docu¬ 
mented  significant  hemodynamic  and  hematological  toxicity  not  associated  with 
the  stromal  components  (29,30).  Some  reported  abnormalities  such  as  minor 
coagulation  defects  would  not  be  detected  in  our  study.  However,  the  major 
hemodynamic  problems  such  as  significant  arrhythmias,  hypoxia,  and  death  would 
have  been  detected.  These  were  absent  in  our  study  because  the  hemoglobin 
solution-exchanged  animals  had  improved  hemodynamics  and  an  improved  response 
to  exercise.  These  problems  were  reported  in  rabbits,  and  in  view  of  the  lack 
of  any  toxicity  in  our  pig  model  or  in  our  simpler  canine  model  (20),  it  would 
seem  reasonable  to  conclude  that  it  is  possible  to  manufacture  an  effective 
non-toxic  solution.  The  animal  model  used  to  evaluate  that  solution  is  of 


crucial  importance. 


15 


While  the  art  and  science  of  manufacturing  stroma-free  hemoglooin  solu¬ 
tion  has  not  reached  a  level  sufficient  to  provide  a  product  that  can  function 
as  a  canplete  red  cell  substitute,  we  feel  this  study  demonstrates  an  improve¬ 
ment  in  various  physiologic  parameters  even  when  an  imperfect  solution  is 
used.  Furthermore,  we  were  impressed  that  t^ese  beneficial  effects  were 
apparent  at  moderate  levels  of  hemodilution,  although  the  imposition  of  an 
exercise  stress  was  essential  to  elucidate  some  of  these  differences. 
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FIGURE  LEGENDS 

Figure  1  Schematic  diagram  of  instrumented  swine  heart  illustrating  aortic 
flow  probe,  catheter,  and  crystal  placement. 

Figure  2  Examples  of  actual  pressure,  dimension,  flow,  and  the  first 
derivative  of  flow  (dF/dt)  tracings. 

Figure  3  Coronary  blood  flow  measured  in  ml/min/100  grams. 

o  =  Albumin  control  =  Albumin  exchange  o  =  SFHS  control 

-A  =  SFHS  exchange  *  =  p< . 025,  exchange  _vs.  others 

*  =  p<.02S,  exchange  v£.  control. 

Values  displayed  are  mean  +_  S.E.M. 

Figure  4  Oxygen  consumption  measured  in  ml/min/kg. 

o  =  Albumin  control  *  Albumin  exchange  o  =  SFHS  control 

SFHS  control  t  =  pC.Ol,  exchange  _vs.  control 

Values  displayed  are  mean  _+  S.E.M. 

Figure  5  Aortic  pressure  measured  in  mm/Hg. 

o  =  Albumin  control  =  Albumin  exchange  o  =  SFHS  control 

=  SFHS  exchange  *  =  p<.05,  exchange  vs.  others 

Values  displayed  ^re  mean  +  S.E.M. 


TABLE  1.  OXYGEN  DYNAMIC  MEASUREMENTS  COMPARING  ALBUMIN  SOLUTION  VS.  STROMA-FREE  HEMOGLOBIN  SOLUTION 
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TABLE  2.  HEMODYNAMIC  MEASUREMENTS  COMPARING  ALBUMIN  SOLUTION  WITH  STROMA-FREE  HEMOGLOBIN  SOLUTION 
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TABLE  4.  EXERCISE  PERFORMANCE  AND  MYOCARDIAL  FUNCTION  MEASUREMENTS  COMPARING  ALBUMIN  VS.  STROMA-FREE  HEMOGLOBIN  SOLUTION 
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Rjnning  Head:  Hemoglobin  solutions  in  exercising  dogs 


abstract 


The  ability  of  stroma -f ree  hemoglobin  solution*  to  support  a  hernodi  1  uted 
animal's  ability  to  exercise  following  exchange  transfusion  was  evaluated  in 
20  spl enectomi zed  mongrel  dogs.  Control  measurements  included  hematocrit, 
heart  rate,  total  exercise  time,  arterial  and  venous  oxygen  content  and  venous 
lactate  levels  during  rest,  exercise,  and  recovery.  Five  dogs  comprise  each 
group  which  was  50%  exchange-transfused  while  awake  with  either:  (1)  a  modi¬ 
fied  stroma-free  hemoglobin  solution  ( P 50=  22  TURK),  (2)  unmodified  stroma- 
free  hemoglobin  solution  (P^y-  11  TuRk),  (3)  7%  bovine  serum  albumin,  or  (4) 
their  own  blood.  Measurements  were  made  immediately  following  transfusion, 
and  at  24  hours,  4  a  hour's,  a  no  seven  days  post-transf  usi  on.  Animals  exchanged 
with  either  of  the  hemoglobin  solutions  were  initially  capable  of  exercising 
at  a  higher  rate  than  the  al our. .in-exchanged  animals  (p  <.05).  However,  by  the 
4o-hour  and  seven-day  measurements,  all  animals  nab  returned  to  control 
values.  The  higher  P^j  solution  did  not  provide  any  major,  statistically  sig¬ 
nificant  advantage  over  the  unmodified  solution. 

KtY  TtKMS:  txercise  oxygen  supply 
Artificial  blood 


Hemogl obi  ns 


INTRODUCTION 


Among  the  experimental  resuscitation  fluids  currently  being  evaluated, 
stroma-free  hemoglobin  solution  (SFHS)  appears  to  be  an  advantageous  solution 
based  primarily  upon  its  ability  to  transport  oxygen  (1-3).  In  addition,  it 
exists  as  a  naturally  occurring  protein  which  can  be  transfused  without  any 
known  allergic  or  cross-matching  problems  (4-5).  In  the  lyophylized  state, 
SFHS  has  a  relatively  long  shelf  life  and  has  been  reported  previously  as  an 
"ideal"  plasma  expande."  (b-8).  In  addition,  due  to  its  low  viscosity  (b)  SFHS 
potentially  may  be  an  excellent  candidate  for  initiating  hemodilution  during 
cardi opulmonary  bypass  (9). 

uespite  these  advantages,  there  are  problems  associated  with  the  use  of 
SFHS  which  need  further  investigation.  One  problem  is  the  typically  low  Pgy 
value  (11-13  T U k K )  of  hemoglobin  solution,  resulting  in  a  leftward  shift  in 
the  oxyhemoglobin  dissociation  cur've  with  increased  oxygen  affinity  (1U).  A 
second  major  problem  is  the  relatively  short  biological  retention  time  (11)  of 
hemoglobin  solution.  In  addition,  although  the  kidney-damaging  char-acteri  s- 
tics  of  the  earlier  solutions  have  been  resolved  with  removal  of  red  blood 
cell  stroma  (6,13,14),  recent  published  reports  (15,16)  as  well  as  unpublished 
communications  from  various  laboratories  using  SFHS  have  raised  the  question 
of  non-stroma  related  toxicity  in  the  form  of  deleterious  procoagul ant,  cardi¬ 
ovascular,  and  organ  damaging  effects.  These  toxic  reactions  have  made  the 
solution  virtually  unusable  for  many  of  these  investi gators.  Initial  investi¬ 
gations  into  the  causes  of  these  toxic  reactions  indicate  that  some  animal 
models  (e.g.,  rabbit)  may  be  inappropriate,  and  that  special  care  must  be 
exercised  to  insure  a  high  level  of  consistent  quality  control  in  the  produc¬ 
tion  of  the  solution  as  well  as  insuring  that  the  final  solution  is  chemically 
balanced  and  free  of  endotoxin  and  pyrogens.  Since  we  did  not  experience  any 
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of  tnese  non-stromal  associated  problems  with  our  particular  solutions,  we 
have  not  addressed  this  toxicity  issue  in  our  studies.  We  have  concentrated 
primarily  on  evaluating  the  effects  of  high  oxygen  hemoglobin  affinity  and 
shortened  retention  time  in  solutions  used  to  effect  hemodilution  in  a  50% 
awake  exchange  animal  model. 

Two  of  these  problems  of  concern  in  this  study  have  been  addressed  by 
Greenbury  and  associates  reporting  that  "permatization"  of  SKHS  with  pyridoxal 
5 1 -phostphate  (PLP)  not  only  improved  Pgg  values  without  impairing  oxygen 
carrying  capacity,  but  also  improved  intravascular  retention  time  over  unmodi¬ 
fied  versions  by  50%  (12).  More  recent  worx  from  Europe  by  Kothe  and  associ¬ 
ates  (17)  has  resulted  in  further  solution  improvements  utilizing  intermolecu- 
lar  cross-linking  as  well  as  pyridoxalization.  Despite  these  apparent  ad¬ 
vances  in  the  composition  of  the  solutions,  there  are  few,  if  any,  studies 
comparing  these  solutions  under  induced  stress  conditions  (i.e.,  exercise) 
designed  to  evaluate  the  ability  of  these  solutions  to  support  a  function 
known  to  require  an  increased  oxygen  consumption. 

This  study  was  designed  therefore  to  compare  the  effects  of  three  differ¬ 
ent  hemodiluting  fluids:  1)  modified  SFHS,  2)  unmodified  SFHS,  and  3)  7% 
albumin  solution  in  nonanesthet i zed  doys  exchanged  to  equal  hematocrit  levels 
and  examined  under  conditions  of  rest,  exercise,  and  recovery.  We  specifi¬ 
cally  wanted  to  determine  if  the  greater  oxygen-carrying  capacity  of  either 
SFHS  provides  any  significant  advantage  in  terms  of  supporting  exercise  capa¬ 
city  at  a  reduced  circulating  hematocrit. 

METHODS 

Twenty  mongrel  doys  (30-45  kg)  of  either  sex  which  had  been  trained  pre¬ 
viously  to  run  on  a  treadmill  were  used  in  this  study.  Following  anesthesia 
with  sodium  pentobarbi tol  (25  mg/kg),  arterial  and  venous  catheters  were 
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placed  in  the  carotid  and  jugular  veins  for  sampling  purposes  and  the  spleens 
were  removed.  The  animals  were  allowed  to  recover  for  two  weeks  before  exper¬ 
imentation  began.  At  this  time,  control  measurements  were  collected  during 
resL,  exercise,  and  recovery  periods.  These  measurements  included  EKG-evalu- 
ated  heart  rate  and  arterial  and  venous  blood  samples  for  blood  gas  determina¬ 
tion,  hematocrit  levels,  arterial  and  venous  oxygen  content  levels,  and  venous 
lactate  levels.  All  exercise  data  and  blood  samples  were  collected  after  the 
dogs  had  completed  four  minutes  of  exercise  including  two  minutes  at  2  mph  and 
two  minutes  at  4  mph.  All  recovery  data  was  collected  ten  minutes  post-exer- 
ci  se. 

Follow  ng  these  control  measurements ,  four  groups  of  five  animals  each 
were  exchange-transfused  with  either  their  own  blood  (Sham  exchange),  7%  albu¬ 
min,  modified  SFHS,  or  unmodified  SFHS  to  an  average  hematocrit  level  of  16% 
(except  for  the  Sham-exchanyeo  animals  whose  hematocrit  level  remained  the 
same).  Transfusion  volume  was  approximately  1.5-2  liters  per  dog  and  required 
approximately  one  hour  to  complete.  All  Sham  dogs  had  two  liters  of  their  own 
blood  withdrawn  and  reinfused  in  a  manner  identical  to  the  animals  being 
exchanged  with  an  exogenous  solution. 

Following  transfusion,  animals  were  again  placed  on  the  treadmill  and  the 
measurement  sequence  previously  outlined  was  repeated.  Additional  measure¬ 
ments  consisting  of  hematocrit,  arterial  oxygen  content,  total  run  time,  and 
heart  rate  during  rest,  exercise,  and  recovery  were  collected  24  hours,  48 
hours,  and  seven  days  post-transfusion. 

Unmodified  SFHS  was  prepared  in  our  laboratory  in  a  manner  previously 
reported  (6,10,13,14).  The  average  P50  of  this  solution  was  11  TORR.  Modi¬ 
fied  SFHS  was  prepared  in  our  laboratory  according  to  Oreenburg's  method  (6). 
The  P 50  of  this  solution  was  approximately  twice  that  of  unmodified  SFHS  or  22 
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TOkR.  Seven  percent  albumin  solution  was  prepared  using  bovine  serum  albumin 
Fraction  Five  (Calbiochem,  La  Jolla,  Ca.).  All  P5U  measurements  were  accom¬ 
plished  using  a  Radiometer  Dissociation  Curve  Analyser  (model  DCA1).  Blood 
gas  results  were  obtained  using  Instrumentation  Laboratories  (I.L.),  model  813 
Blood  Gas  Analyzer  (Lexington,  Ma.).  Arterial  and  venous  oxygen  content 
results  were  obtained  using  an  I.L.  282  Co-oxymeter.  Venous  lactate  levels 
were  determined  according  to  the  technique  of  Beutler  (18).  All  exercise  runs 
were  performed  in  a  standard  clinical  treadmill  starting  at  0  grade  and  pro¬ 
gressing  in  speed  and  grade.  A  complete  exercise  run  consisted  of  completing 
two  minute  runs  at  2,  4,  and  6  miles  per  hour  at  0°  grade  followed  by  four 
minute  runs  at  8  miles  per  hour  at  a  0%,  3%,  and  5%  grade.  Total  run  time  was 
measured  in  minutes  with  a  completed  exercise  run  taking  18  minutes. 

Statistical  analysis  consisted  of  using  Analysis  of  Variance,  1  way,  fol¬ 
lowed  by  a  Newman-Keuls  Multiple  Range  Test. 

RtSULTS 

All  animals  receiving  either  a  Sham  exchanye  or  either  of  the  hemoglobin 
solutions  ran  at  levels  approaching  control,  as  opposed  to  albumin-exchanged 
animals  which  were  significantly  limited  (p  >0.05)  in  their  exercise  capabili¬ 
ties  (Fig.  1).  It  should  be  noted  that  only  two  of  five  albumin  animals  were 
capable  of  exercising  following  exchange  and  therefore  a  zero  for  total  run 
time  was  the  average  for  each  of  the  three  animals  that  did  not  run. 

After  24  hours,  unmodified  SFHS  animals  experienced  a  significant  drop 
(p<0.05)  in  total  run  time  compared  to  animals  receiving  modified  SFHS  or  ani¬ 
mals  receiving  a  Sham  exchange.  All  albumin  animals  were  capable  of  exerci¬ 
sing  at  the  24-hour  testing  and  increased  their  average  running  time  from  2.3 
to  9.7  minutes.  Despite  this  increase,  al bumin-exchanged  and  unmodified  SFHS 
animals  had  a  total  exercise  time  statistically  lower  than  the  modified  SFHS 
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group.  After  48  hours,  the  exercise  performance  ot  the  unmodified  SFHS  ani¬ 
mals  continued  to  be  depressed  while  the  albumin-exchanged  animals  continued 
to  increase  and  met  the  level  of  the  unmodified  SFHS  groups.  At  this  point 
exercise  performance  between  the  two  groups  was  virtually  the  same.  After 
seven  days  all  animals  were  able  to  recover  sufficiently  to  approach  control 
levels. 

Figure  2  shows  that  all  animals  were  exchanged  to  similar  hematocrit 
levels.  By  seven  days  post-transfusion  all  but  the  albumin  group  had  returned 
very  close  to  control  levels. 

Heart  rate  results  during  rest,  exercise,  and  recovery  over  the  seven-day 
observation  period  are  shown  in  Figures  3a,  3b,  and  3c.  Immediately  following 
exchange  and  while  still  at  rest,  albumin-exchanged  animals  had  significantly 
highe.'  heart  rates  when  compared  to  all  other  animals  (p<.05).  Because  only 
two  albumin-exchanged  animals  were  capable  initially  of  exercising  following 
exchange,  heart  rate  results  for  both  exercise  and  recovery  were  limited  to 
two  samples  for  this  group  at  the  immediate  post-exchange  time  period. 

Although  the  average  heart  rates  of  these  two  albumin-exchanged  animals  were 
higher  during  exercise  and  recovery  than  that  of  the  Sham  group  or  either 
hemoglobin  group,  the  lack  of  adequate  sample  size  prevents  us  from  making  any 
statistical  statement  on  the  significance  of  this  finding.  However,  none  of 
the  modified  or  unmodified  SFHS  animals  showed  any  significant  changes  in 
resting  heart  rate  throughout  the  entire  experiment.  After  24  hours,  the 
heart  rates  of  the  albumin-exchanged  animals  were  back  to  control  levels  and 
remained  at  those  levels  to  the  study's  conclusion. 

Arterial  oxygen  content  results  are  seen  in  Figure  4.  Immediately  follo¬ 
wing  exchange,  all  three  non-Sham  groups  experienced  significant  drops  in  oxy¬ 
gen  content  when  compared  to  the  Sham-exchanged  animals  (p  <0.01).  In 
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addition,  the  oxygen  content  of  the  albumin-exchanged  animals  was  signifi¬ 
cantly  lower  than  either  of  the  two  hemoglobin  groups  (p  <0.05). 

Throughout  the  48-hour  period  there  was  a  slight  decrease  in  arterial 
oxygen  content  for  both  hemoglobin  groups,  while  the  oxygen  content  of  the 
albumin-exchanged  animals  increased  slightly  making  the  three  groups  indis¬ 
tinguishable.  However,  by  day  seven  both  SFHS  groups  had  increased  their  oxy¬ 
gen  content  levels  to  control  values  while  the  al bumin-exchanged  group, 
although  continuing  to  increase  slowly,  nad  values  signi ficantly  lower  than 
all  tnree  other  groups  (p<.U5). 

Arte  ' i a 1 -venous  oxygen  content  values  obtained  before  and  immediately 
after  exchange  are  presented  in  Table  1  during  rest,  exercise,  and  recovery 
conditions.  No  significant  changes  were  detected  during  resting  conditions, 
but  during  exercise  and  recovery  the  two  al bumin-exchanged  animals  capable  of 
exercise  differed  from  the  other  three  groups,  having  lower  mean  arterial- 
venous  oxygen  content  differences.  Since  cardiac  output  was  not  measured  in 
our  animals,  we  can  only  speculate  whether  this  decreased  arterial -venous  oxy¬ 
gen  content  difference  represented  an  increased  cardiac  output  or  a  decreased 
oxygen  consumption. 

Albumin-exchanged  animals  at  rest  had  significantly  higher  (p  <0.05)  lac¬ 
tate  levels  compared  to  all  other  groups  (Fig.  5).  Lactate  levels  during 
exercise  and  recovery  for  the  two  albumin  dogs  capable  of  exercising  following 
exchange  were  higher  than  levels  found  for  either  SFHS.  However,  the  small 
sample  size  in  this  study  limits  our  ability  to  compare  these  results  on  a 
statistical  basis.  Lactate  levels  for  both  hemoglobin  solutions  did  not  dif¬ 
fer  significantly  from  the  Sham  values  for  either  rest,  exercise,  or  recovery 
following  exchange. 
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DISCUSSION 

The  ability  of  SFHS  to  maintain  gross  physiologic  oxygen  requirements 
following  hemodilution  has  been  well  established  (2,9,19).  However,  little 
has  been  done  to  investigate  the  effect  of  the  relatively  limited  intravascu¬ 
lar  retention  time  of  these  solutions  and  their  subsequent  ability  to  act  as 
an  adequate  resuscitati ve  fluid  beyond  the  initial  exchange,  tven  less  is 
known  about  the  effects  of  introducing  conditions  such  as  exercise.  The  most 
significant  work  in  the  area  of  improving  oxygen  off-loading  and  vascular  re¬ 
tention  has  been  done  by  Greenburg  and  associates.  They  have  evaluated  the 
resusci tati ve  efficiency  of  botn  modified  and  unmodified  SFHS  in  dog  and  rat 
hypovolemic  hypotensive  shock  models  (10,12).  These  investigators  have 
reported  a  half  disappearance  time  of  approximately  140  minutes  for  modified 
SFHS  when  mean  systolic  pressure  was  70  TORR  or  greater.  This  value  repre¬ 
sents  a  b0%  increase  over  similar  results  found  with  unmodified  SFHS.  They 
also  reported  that  retention  time  varied  inversely  with  pressure  as  renal 
function  and  the  excretion  of  SFHS  decreased  with  hypotension.  From  their 
results  it  would  appear  that  modification  of  SFHS  with  pyridoxyl  5'-phosphate 
is  a  factor  in  increasing  intravascular  retention.  However,  their  results 
were  obtained  in  anesthetized  animals  studied  shortly  after  resuscitation. 
Immediate  Post-Transfusion  Period 

All  animals  appeared  well  following  exchange  with  any  of  the  solutions, 
suggesting  that  none  of  the  solutions  were  signi ficantly  toxic.  However,  the 
al bumi n-exchanged  animals  were  clearly  more  limited  in  their  ability  to  exer¬ 
cise,  an  activity  requiring  additional  oxygen.  Albumin-exchanged  animals  had 
significantly  shorter  total  run  times,  higher  resting  heart  rates,  and  higher 
resting  venous  lactate  levels  compared  with  either  the  hemoglobin  group  or  the 
Sham  group.  Citing  the  apparent  lack  of  oxyen  js  the  reason  for  these 
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abnormalities  is  supported  further  by  the  significant  decrease  in  arterial 
oxygen  content  in  al bumiri-exchanged  animals  compared  to  the  other  groups. 

It  clearly  appears  that  both  hemoglobin  solutions  were  able  to  transport 
enough  oxygen  to  maintain  exercise  despite  their  differences  in  oxygen  affi¬ 
nity.  The  more  normalized  P50  represented  by  modified  SFHS  did  not  provide 
any  significant  initial  advantage  over  unmodified  SFHS  in  terms  of  exercise 
ability;  all  results  comparing  these  two  solutions  in  the  immediate  post- 
transfusion  period  were  indistinguishable.  Furthermore,  both  solutions 
appeared  capable  of  maintaining  almost  normal  physiologic  function  since 
almost  all  of  the  values  in  the  hemogloc  animals  approached  those  achieved 
by  the  Sham  dogs.  Both  hemoglobin  groups  experienced  significant  decreases  in 
arterial  oxygen  content  and  this  remains  the  one  notable  exception  to  the 
similarity  in  values  among  study  groups.  This  appeared  to  be  of  little  conse¬ 
quence  in  terms  of  exercise  capacity  because  both  hemoglobin  groups  exercised 
at  levels  only  slightly  lower  than  the  Sham  group. 

These  results  are  not  totally  unexpected.  Much  success  has  been  reported 
in  maintaining  animals  with  SFHS  even  when  exchanged  to  the  zero  hematocrit 
level.  It  now  appears  that  SFHS,  irrespective  of  increased  oxygen  hemoglobin 
affinity,  appears  capable  of  maintaining  normal  physiologic  conditions  in 
moderately  hemodi luted  dogs  stressed  with  exercise. 

The  lower  arterial -venous  oxygen  content  difference  values  noted  in  the 
albumin-exchanged  animals  during  exercise  and  recovery  periods  could  be  due  to 
either  increased  cardiac  output  or  decreased  oxygen  consumption.  These  ani¬ 
mals  were  not  instrumented  in  an  appropriate  manner  for  the  measurement  of 
cardiac  output.  However,  in  another  animal  study  from  our  laboratories  we 
instrumented  pigs  with  vascular  catheters  and  an  aortic  flow  probe  and  sub¬ 
jected  them  to  a  period  of  treadmill  exercise  immediately  following  a  50% 
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exchange  with  albumin  and  unmodified  SFHS  (20).  These  animals  also  demonstra¬ 
ted  a  significantly  decreased  arterial -venous  oxygen  content  difference  which 
was  accompanied  by  significantly  decreased  oxygen  consumption  and  stable 
cardiac  output.  Furthermore,  both  animal  models  had  an  increase  in  lactate 
levels  during  exercise,  indicating  that  the  decreased  oxygen  consumption  was 
not  adequately  meeting  oxygen  requi rements.  These  results  in  two  animal 
models  would  seem  to  support  the  thesis  that  the  change  in  oxygen-carrying 
capacity  between  the  albumin-exchanged  and  the  SFHS  animals  is  responsible  for 
the  observed  physiologic  differences. 

Although  there  were  no  significant  differences  between  the  two  hemoglobin 
solutions  in  the  immediate  post-transfusion  period,  by  the  24-hour  study  time 
we  did  note  some  significant  differentiation  between  the  solutions.  Arterial 
oxygen  content,  hematocrit,  and  heart  rate  levels  remained  virtually  indis¬ 
tinguishable,  however,  the  modified  SFHS  animals  increased  their  exercise 
capacity  at  the  24-hour  period,  while  unmodified  SFHS  animals  experienced  a 
30%  decrease.  The  mechanism  for  this  difference  is  not  apparent  from  the  data 
presented  here.  Certainly  it  does  not  appear  to  be  the  result  of  increased 
intervascul ar  retention  or  oxygen  delivery  potential,  because  arterial  oxygen 
content  levels  between  the  two  hemoglobin  solutions  were  similar. 

This  beneficial  effect  may  have  its  origin  in  other  areas.  It  is  pos¬ 
sible  to  speculate  that  there  may  be  a  metabolic  benefit  associated  with  modi¬ 
fied  SFHS  attributable  to  the  increased  molecules  of  glucose,  adenine,  and 
phosphate  present  in  the  modified  solution  rather  than  to  any  increased  avail¬ 
ability  of  oxygen.  Since  almost  all  of  the  solution  has  been  excreted  by  24 
hours,  it  is  difficult  to  conclude  that  the  difference  is  due  to  improved  oxy¬ 
gen  off-loading.  If  the  difference  is  indeed  real,  it  must  be  attributed  to 
some  sequelae  of  a  modified  SFHS  that  persists  beyond  the  presence  of  the 
solution  itself. 


Albumin-exchanged  animals  had  an  exercise  response  24  hours  post-transfu¬ 
sion  that  was  limited  but  would  show  signs  of  recovery  in  terms  of  increased 
total  run  time,  decreased  heart  rate,  and  slightly  increased  arterial  oxygen 
content  and  hematocrit  levels.  It  appears  that  normal  metabolic  and  physio¬ 
logic  mechanisms  were  able  to  compensate  for  the  limited  oxygen  availability 
resulting  from  the  albumin  transfusion. 

Measurements  made  48  hours  post-transfusion  show  similar  results  for  both 
albumin-exchanged  and  unmodified  SFHS  animals  in  all  categories,  suggesting 
that  whatever  benefit  was  initially  provided  by  the  unmodified  hemoglobin 
solution  was  virtually  absent  at  this  time.  This  resulted  primarily  from  the 
ability  of  the  al bumi n-exchanged  animals  to  raise  their  recovery  values  rather 
than  from  further  deteri orati on  of  the  SFHS  animals.  At  the  48-hour  testing, 
modified  SFHS  still  appeared  to  maintain  some  advantage  over  the  other  ex¬ 
change  solutions  since  these  animals  still  maintained  an  exercise  capacity 
close  to  control,  suggesting  the  continued  presence  of  some  form  of  beneficial 
metabolic  activity. 

By  the  seventh  post-transfusion  day  all  groups  had  returned  to  control 
levels  in  all  categories  except  the  albumin-exchanged  animals.  They  continued 
to  experience  a  significantly  lower  arterial  oxygen  content  level.  This 
decreased  oxygen  content  appeared  to  correlate  with  the  more  persistently 
depressed  hematocrit  level  still  present  in  the  albumin-exchanged  animals  by 
the  seventh  day.  Perhaps  the  initial  presence  of  SFHS  may  in  some  wa>  accel¬ 
erate  the  return  of  a  more  normal  hematocrit  as  well  as  normal  nhysiol ogical 
functions,  even  though  the  SFHS  is  no  longer  in  the  vascular  bed.  Due  to  the 
unavai 1 abi 1 i ty  of  additional  data  in  this  area,  these  thoughts  can  only  be 
regarded  as  speculative. 


13 


This  study  appears  to  provide  support  for  several  conclusions.  Moderate 
hernodilution  with  a  more  normalized  P50  does  not  provide  any  initial  advantage 
in  terms  of  exercise  capacity.  However,  the  modified  SFHS  did  appear  to  pro¬ 
vide  some  advantage  over  unmodified  SFHb  in  terms  of  exercise  capacity  at  the 
34-  and  48-hour  post-transfusion  periods.  Both  hemoglobin  solutions  provide  a 
significant  advantage  over  7%  albumin  solution  as  a  resuscitati ve  fluid.  How¬ 
ever,  these  advantages  appear  to  be  short-lived  and  are  of  little  benefit  48 
hours  post-transfusion. 

By  the  seventh  post-transfusion  day,  all  animal  groups  approached  control 
levels  and  were  virtually  indistinguishable,  although  there  is  some  evidence 
that  the  SFHS  groups  may  have  obtained  this  control  level  at  a  slightly  faster 
rate.  The  initial  beneficial  effects  appear  to  be  due  to  the  increased  oxy¬ 
gen-carrying  capacity  of  the  hemoglobin  solutions  and  we  speculate  that  the 
more  subtle  long-range  benefits  arise  from  an  effect  that  outlasts  the  actual 
presence  of  the  solutions. 

A  final  conclusion  relates  to  our  failure  to  document  any  signifiant 
non-stroma  related  toxicity  such  as  that  reported  by  others.  The  recent  docu¬ 
mentation  of  toxicity  by  other  investigators  who  have  taken  great  care  to 
evaluate  many  forms  of  hemoglobin  solutions  continues  to  be  disturbing.  When 
this  information  is  combined  with  similar  toxic  reactions  noted  in  humans 
(21),  then  continued  caution  must  be  exercised  in  using  these  solutions  in 
clinical  applications. 

In  the  search  for  an  ideal  "blood  substitute,"  even  our  imperfectly 
developed  stroma-free  hemoglobin  solution  with  limited  oxygen  off-loading  and 
i ntervascul a r  retention  should  be  considered  a  leading  contender. 


L 


14 


REFERENCES 

1.  bonhdrd  K.  Acute  oxygen  supply  by  infusion  and  nemoglobin  solutions. 

Fed  Proc  19/5;  34:1466-467. 

2.  Moss  GS,  UeWosKir  R,  Rosen  AL,  Levine  H,  Palani  CK.  Transport  of  oxygen 
and  carbon  dioxide  by  hemoglobin  saline  solution  in  the  red  cell  free 
primate.  Surg  Gynecol  Ubstet  1978;  142:367-362. 

3.  Oevenuto  F,  Friedman  HI,  Neville  JR,  Peck  CC.  Appraisal  of  hemoglobin 
solutions  as  blood  substitutes.  Surg  Gynecol  Obstet  1979;  149:417-436. 

4.  Sasuzuhn  T.  Studies  of  neptagl obi n.  1.  Immunochemic  properties  of  hepta- 
globin  and  anti hernogl obin  antibody.  Proc  Jap  Acad  1970;  46:820- 

6.  Cochin  a.  Das  Gupta  TK,  Owoskin  R,  Moss  GS.  Immunogenic  properties  of 
stroma  _vs.  stroma-free  hemoglobin  solution.  Surg  Forum  1972;  23:19-21. 

6.  Rabiner  SF.  Evaluation  of  a  stroma-free  hemoglobin  solution  for  use  as  a 
plasma  expander.  J  Exp  Mac  1967;  126:1127-1142. 

7.  Rabiner  SF.  hemoglobin  solution  as  a  plasma  expander.  Fea  Proc  1976; 
34(6) :1464-1467. 

8.  Usaini  S,  Chien  S,  Greyerson  Ml.  Fiemoglobin  solution  as  a  plasma  expan¬ 
der:  Effects  of  blood  viscosity.  Proc  Soc  Exp  Biol  Med  1971;  136:1232- 
1236. 

9.  Moores  WY,  DeVenuto  F,  Heydorn  WFi,  e_t  a_l_.  Extending  the  limit  of  hemodi- 
lution  on  cardiopulmonary  bypass  using  stroma-free  hemoglobin  solution. 

J  Thorac  Cardiovasc  Surg  1961;  81:166-162. 

ID.  Greenburg  AG,  Elia  C,  Levine  b,  Belsha  J,  Peskin  GW.  Fiemoglobin  and  the 
oxyhemoglobin  dissociation  curve.  J  Trauma  1975;  5:943-950. 

11.  Greenburg  AG,  Peskin  GW,  Hoyt  L)b,  Moores  WY.  Is  it  necessary  to  improve 
the  intravascular  retention  of  hemoglobin  solutions?  Crit  Care  Med  1982; 


10: 266-2b9. 


16 

13.  Greenbury  AG,  Schooled  M,  Peskm  GW.  Improved  retention  of  stroma  free 
heision  1  oDin  solution  Dy  cnemical  (Tiodi  f  l  cati  on.  u  Trauma  197/;  17:601-6114. 

13.  PesK.in  GW,  O'Brien  h,  Kaoiner  Sh.  stroma  free  hemoglobin  solution:  rhe 
"ideal"  blood  substitute?  Surgery  1969;  66:186-153. 

14.  Kabiner  SF,  U'B'-ien  k,  Peskm  SB,  Friedman  Lh.  Further  studies  with 
stroma  free  hemoglobin  solution.  Ann  Surg  1970;  171:616-633. 

16.  Wmte  CT,  Murray  AJ,  Smith  liJ,  Greene  JR,  Bolin  KB.  Synergistic  toxicity 
of  endotoxin  and  hemoglobin.  J  Lab  Cl m  Med,  1986;  108:133-137. 

16.  White  CT,  Murray  ,  Greene  jk,  et  aj_.  Toxicity  of  human  nemoylobin 
solution  infused  into  rdooits.  J  Ldb  Clm  Med,  1986;  108:131-131. 

17.  kothe  W,  Li chentopf  B,  bonhard  K.  Cnaracter i zation  of  a  modified 

st  r  onia -f  r  ee  hemoglobin  solution  as  an  oxygen-carrymg  plasma  substitute. 
Surg  ^necul  Ubstet  1586;  161:663-669. 

lo.  Beutler  L.  Keo  Cell  Metabol  i  sn.:  A  Manual  of  biochemical  Methods,  (lew 
for k :  Grune  S  Stratton,  1571. 

19.  DeVecuto  F,  Moores  Wi,  Zeyna  mI,  Zuck  IF.  Total  and  partial  blood 

exchange  in  the  rat  with  hemoglobin  prepared  by  crystal  1 i zation.  Trans¬ 
fusion  19/7;  17:666-6o3. 

30.  Mace  kL,  Moores  WY,  White  Fc,  et  al.  Improved  exercise  performance  in 
hemodi luted  pigs  witn  stroma-* ree  hemoglobin.  Manuscript  submitted  to  J 
Appl  Piiysiol. 

31.  Sdvits-y  -j  P ,  Joczi  J,  blacr  J ,  Arnold  JU.  A  clinical  safety  trial  of 
stroma-free  hemoglobin.  Clm  pParmacol  Ther  1978;  33:73. 


Figure 


H  yure 


Figure 


Fi gure 


Fi yure 


f-  i  y  u  r  e 


lb 


Legends 

1  Total  run  times  prior  to  exchange  (control),  immediately  following 
exchange,  24  hours,  4b  hours,  and  seven  days  following  exchange. 
*p<0.0b  (albumin  exchange  _vs.  otners),  +  p<0.0b  exchange  vs . 
control.  Values  as  mean  +  S.L). 

2  Hematocrit  values  prior  to  exchange  (control),  immediately  following 
exchange,  24  nours,  4b  hours,  and  seven  days  following  exchanye. 
*P<U.Ub  (albumin  exchanye  jvs.  others),  +  p<l).Ub  exchange  vs. 
control.  Values  as  mean  +_  S.U. 

3  Heart  rates  before  and  immediately  following  exchange. 

*p<U. Ob  (albumin  exchange  _vs_.  others),  +  p<U.(Jb  exchange  vs. 
control.  A.  kestiny  heart  rates,  b.  Maximum  exercise  heart  rates. 
C.  kecovery  heart  rates.  Values  as  mean  _+  b.u. 

4  nrterial  oxygen  content  prior  to  exchange  (control),  immediately 
following  exchange,  ?A  hours,  46  hours,  and  seven  days  following 
exchange.  *p<U.0b  (albumin  exchanye  v_s.  others),  +  p<(J.Ub  exchange 
vs .  control.  Values  as  mean  +  b.U. 

b  Histogram  representing  venus  lactate  values  at  rest  before  and  after 
exchange  transfusions.  *p<U.Ub  albumin  exchange  vs.  otners. 
jr-.M.-'.-sna- .  transfusion,  ALBUMlN-albumin  transfusion,  U-SFHb 
unmodified  stroma-f  ree  hemoglobin  solution,  M-bFHb-modi  f  iecJ  stroma 


f  “t-e  hemog  looi  n  solution.  Values  as  mean  +  b.lu. 


TABLE  i 


ARTERIAL-VENOUS  OXYGEN  CONTENT  DIFFERENCE 


ARTERIAL- 

VENOUS 

OXYGEN 

CONTENT 

DIFFERENCE 

(cc/Og/dl ) 

SHAM 

ALBUMIN 

UNMODIFIED 

STROMA-FREE 

HEMOGLUb 1 N 

.. _ 

MODIFIED 

STROMA-FREE 

HlMOGLUB I N 

_ 

CONTROL 

EXCHANGE 

CONTROL 

EXCHANGE 

CONTROL 

EXCHANGE 

1.  Rest 

4.9  ^  0.9 

4. b  +  1.4 

5.8  +  1.3 

3.4  +  1.5 

4.7  +  2.1 

3.8  +  1.8 

6.2  +  1.3 

5.3  +  0.6 

2.  Exercise 

3.3  +  0.8 

7.8  +  2.2 

8.2  +  1.8 

4.5  +  1.2* 

9.3  +  2.4 

6.5  +  1.4 

9.3  +  2.1 

6.9  +0.5 

3.  Recovery 

4.8  -!■  0.8 

6.3  +  0 ,  •+ 

_ 

b . 3  +_  2.0 

3.6  _+  0.4* 

4.7  +  1.6 

-  - .. 

4.5  ^  1.0 

_ 

6.9  +  0.7 

" 

5.2  +0.5 

Control  and  exchange  results  for  animals  transfused  with  either  their  own  blood  (Sham),  7% 
albumin,  unmodified  stroma-free  hemoglobin  solution,  or  modified  stroma-free  hemoglobin 
solution. 

*  n=2,  as  only  2  of  5  al bum n-exchanged  animals  were  capable  of  exercising  post-transfusion. 
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CORONARY  FLOW  DYNAMICS  IN  SWINE  FOLLOWING  PARTIAL  EXCHANGE' 
TRANSFUSIONS  WITH  HEMOGLOBIN  AND  ALBUMIN  SOLUTIONS 


William  Y.  Moores,  M.O.,  Robert  E.  Mack,  D.V.M., 

Francis  C.  White,  M.S.,  Colin  M.  Bloor,  M.D. 

Stroma-free  hemoglobin  solution  (SFHS)  has  been  found  to  be  an  ef¬ 
fective  blood  substitute  by  many  investigators  who  have  shown  its 
efficacy  in  total  and  partial  exchange  models.  Unfortunately, 
other  reports  have  documented  significant  toxicity  (bradycardia  and 
increase  blood  pressure)  in  both  animal  studies  (1)  and  human  stu¬ 
dies  (2).  We  evaluated  this  problem  utilizing  a  pig  chronically 
instrumented  with  an  electromagnetic  flow  probe  and  pressure  and 
sampling  catheters.  This  model  allowed  us  to  make  detailed  coro¬ 
nary  flow  dynamic  measurements  in  an  unanesthetized  animal  subjec¬ 
ted  to  a  treadmill  exercise  stress. 

Methods:  Twelve  swine  (40-50  kg)  of  either  sex  were  chroni¬ 
cally  instrumented  in  a  manner  previously  reported  (3).  Left  ven¬ 
tricular  internal  diameter  ultrasonic  dimension  crystals  were  im¬ 
planted  as  indicators  of  global  heart  mechanics.  Silastic  cathe¬ 
ters  were  placed  in  the  descending  thoracic  aorta,  the  pulmonary 
artery,  and  the  left  atrium.  An  electromagnetic  flow  probe  was 
placed  around  the  ascending  aorta  to  measure  output.  All  catheters 
and  lead  wires  were  brought  out  of  the  thoracic  cavity  via  the 
fourth  intercostal  space  and  then  run  subdermally  to  the  back, 
where  they  were  externalized.  Distribution  of  cardiac  output  was 
determined  by  injection  of  carbonized  microspheres  (15±10um)  and 
regional  blood  flow  was  calculated  allowing  organ  flows  to  be  ex¬ 
pressed  in  ml/min/g  tissue.  Four  conditions  were  studied  in  each 
ani-ial:  1)  control  rest;  2)  control  exercise;  3)  exchange  rest, 
an,:  4)  exchange  exercise.  The  following  measurements  were  obtained 
at  ach  condition:  1)  cardiac  output;  2)  arterial  and  left  atrial 
prt  sure;  3)  sonomicrometry-measured  ventricular  dimensions;  and  4) 
mi crosphere-determi ned  organ  flc/.  The  two  solutions  prepared  for 
these  experiments  included:  1)  a  7£  albumin  solution  prepared 
using  serum  bovine  albumin  from  a  commercial  source,  and  2)  a  7% 
SFHS  prepared  using  a  modification  of  the  technique  described  by 
Sreenburg. 

Results:  The  results  are  summarized  in  Table  I.  Exercise 
f.  leraTTy  resulted  in  an  Increased  cardiac  output  and  aortic  pres¬ 
sure;  the  greatest  blood  pressure  was  with  the  combination  of  SFHS 
and  exercise  (pCU.OS  SFHS  vs.  control  and  albumin  exercise).  The 
exercise  blood  pressure  response  was  blunted  with  albumin,  which 
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TABLE  I 
Albumin  Solution 


Control 


Test 


Hemoglobin  Solution 
Control  Test 


Rest 

Exer. 

Rest 

Exer. 

Rest  Exer. 

Rest 

Exer. 

Aortic  Blood 

114+ 

131* 

97* 

107* 

1052  127± 

123* 

150: 

Pressure  (mmHg) 

9 

12 

19 

12+ 

15  13 

15 

22* 

Cardiac  Output 

116+ 

260+ 

179± 

264* 

982  21 1± 

99* 

2Slt 

(ml /min/kg) 

31 

86 

45  x 

57 

19  36 

13 

37 

Coron.  Resist. 

1.11  + 

0.39* 

0.38* 

0.15* 

0.93*  0.292 

0. 58± 

0.24: 

(mmHg/ml/lOOg) 

0.15 

0.09 

0.98 

0.04 

0.19  0.08 

0.18 

0.03 

Coronary  Flow 

10U± 

318* 

310* 

652* 

106*  424* 

178± 

5682 

(ml/min/100) 

29 

79 

167  x 

182+ 

30  139 

59 

109 

Diameter 

26± 

272, 

27± 

25* 

29±  32 2 

252 

352 

Shortening  (1) 

11 

12 

10 

9 

6  9 

1 

7 

tp<0.05  vs.  control;  * 

p<0.05 

vs.  control,  albumin  solution:  x 

p<0.05 

vs. control",  SFHS 

had  a  significantly  lower  pressure  (p<0.025)  with  exercise  follo¬ 
wing  exchange  with  albumin.  Coronary  blood  flow  changes  occurred 
with  exercise  and  exchange,  but  the  changes  over  control  values 
(both  at  rest  and  with  exercise)  reached  statistical  significance 
(p<0.025)  only  with  the  albumin  exchange.  When  these  coronary  flow 
results  were  combined  with  the  pressure  drops  across  tne  myocardium 
to  obtain  coronary  resistance  values  there  were  significant  reduc¬ 
tions  with  both  exchange  and  exercise,  however  when  the  resistance 
changes  from  the  control  conditions  were  compared  between  the  albu¬ 
min  and  SFHS  exchanged  animals  there  were  no  significant  differ¬ 
ences.  In  neither  case  did  the  exchange  transfusion  result  in  an 
increased  coronary  resistance,  and  the  measured  decrease  in  coro¬ 
nary  resistance  was  somewhat  less  with  SFHS  than  with  albumin. 
Systolic  performance,  as  measured  by  diameter  shortening,  did  not 
differ  with  exchange  using  either  solution. 

Discussion:  The  results  in  these  animals  provides  evidence 
for  both  the  efficacy  and  safety  of  SFHS,  although  there  were  phy¬ 
siologic  changes  from  the  control  situation  with  exchange  transfu¬ 
sions  using  either  solution.  However,  these  changes  were  gener¬ 
ally  less  with  SFHS..  There  was  no  evidence  for  coronary  vasocon¬ 
striction  with  SFHS  and  the  vasodil itation  response  was  consistent 
with  the  resultant  drop  in  oxygen  content  that  occurred  with  either 
SFHS  or  albumin  solution  exchange. 
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